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III. Abstract 
 Forward osmosis is a promising field of membrane separations, which 
enables the dewatering of extremely concentrated solutions, as well as the ability 
to generate power from, or store power in, salinity gradients. The practical 
application of forward osmosis is hampered by challenges in membrane design, 
draw solute design, module design, and process design. Here, a promising tertiary 
amine draw solute, N,N-dimethylcyclohexylamine (DMCHA), is investigated for 
performance and compatibility with existing membrane polymer chemistries. 
DMCHA exists as an oily organic liquid which is only sparingly soluble in water. 
However, upon addition of an acid, DMCHA forms a water soluble tertiary 
ammonium complex (DMCHAH+) with a positive charge. Carbonic acid is 
sufficiently acidic to effect the phase change, so sparging a 2-phase DMCHA-water 
solution with carbon dioxide produces a single aqueous phase with high ionic 
strength due to the formation of a DMCHAH-HCO3 salt. 
 DMCHAH-HCO3 and DMCHA are screened in this study for their effects 
after long-term exposure on polyamide thin-film composite membranes supported 
(predominately) on porous polysulfone supports. Such membranes are the standard 
for reverse osmosis desalination. However, exposure to DMCHA or its salt may 
cause embrittlement of the membrane polymer, resulting in failure under pressure. 
Alternately, swelling of the polymer could result in damage to the selective layer, 
causing a loss of rejection. Ultimately, after up to 90 days of exposure, commercial 
reverse osmosis membranes from Dow Water and Process Solutions (SW30, 
BW30, and NF90) membranes were found to be mostly unaffected by exposure, as 
determined by reverse osmosis of a dilute (2000 ppm) salt solution. However, 
membranes purpose-built for forward osmosis produced by Hydration 
Technologies Innovations were observed to have a marked decrease in salt rejection 
after even just a few days of exposure. 
 The desalination potential of DMCHA is demonstrated via a forward 
osmosis desalination experiment. While the water flux is somewhat low, 
DMCHAH-HCO3 was found to dewater simulated seawater (0.5 M sodium 
chloride) while rejecting sodium and chloride ions to a high degree. This 
xii 
demonstrates the potential of DMCHA and other switchable polarity solvents as 
draw solutes for forward osmosis and other osmosis-based membrane processes. 
 One application of DMCHA and other SPS material are in osmotic heat 
engines and osmotic batteries, which produce energy via the mixing of concentrated 
and dilute solution in a pressure-retarded osmosis (PRO) process. A general 
analysis of the energy density of solutions used in PRO is developed and a model 
based on the equilibrium mixing of concentrated and dilute feed solutions is derived 
in the context of the Morse (molal) equation for osmotic pressure. The resulting 
model is applicable over a wider range of concentrations than the van’t Hoff model 
commonly used. For an idealized PRO mass exchanger, which implies an infinite 
amount of time and/or membrane area in order to achieve equilibrium mixing, the 
specific energy density of the concentrated and dilute solution, as well as the total 
system volume, is derived. An optimum operating pressure is derived, and the 
specific energy density of a solutions used in a PRO process is found to be on the 
order of 1 kWh/m3 for reasonable values of osmotic pressure. The energy density 
is lower for PRO processes which run on natural water streams, such as seawater 
and river water, casting doubt on the feasibility of natural salinity gradient PRO. 
However, for osmotic heat engines and osmotic batteries, the specific energy 
density is comparable to pumped hydroelectric storage. The impact of solution 
costs is considered, which shifts the equilibrium away from the highest specific 
energy density to the lowest specific energy cost. Finally, the effects of staged PRO 
processes are considered. Staging increases the specific energy density of either the 
concentrated or dilute feed stream. While this improved the theoretical energy 
recovery of that stream, it does so at the cost of total system volume and system 
complexity.  
 1 
 Introduction 
1.1. Applications of Osmotic Separations and Membranes 
Membranes have been successfully applied to many types of systems, and their 
rise has been correlated to the rise of the polymer industry in the 20th century [1]. In 
applications to liquid systems, membranes have had great success in fields such as 
desalination, water purification, wastewater treatment, dairy production, maple 
syrup production[2], pharmaceutical production, scientific research, and 
dehydration [3]. In the area of desalination, the reverse osmosis (RO) process has 
replaced most new thermally driven desalination plants and most new desalination 
plants are RO plants. However, desalination via RO is often seen as relatively 
expensive compared to exploitation of natural fresh water reserves. Consequently, 
RO is only deployed in areas where there is limited access to fresh water. RO is a 
mature technology at the end of its development cycle, since RO operates fairly close 
to the theoretical limit for water desalination. Improvements in membrane 
performance will not yield massive improvements in productivity or operating cost 
[4,5]. 
The bulk of operating expenses at RO plants is consumed in the pre- and post-
treatment of the saline feed solution. Ocean or brackish water contains minerals 
which may deposit on the membrane, organisms which may adhere to the 
membrane, and particulate material which may abrade the membrane. These 
components must be removed or reduced before the water is contacted with the 
membrane. The solution which is not processed by the membrane (“retentate”) is a 
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brine enriched in salt content. Its discharge into local waters can cause ecological 
problems. 
Techniques for mitigating the negative effects of RO include advances in pre-
treatment or cleaning of the membranes, as well as advanced retentate disposal 
techniques. For example, the retentate brine may be diluted with discharged 
wastewater, or may be dispersed over a larger area than a single outlet pipe. 
Forward osmosis (FO) is an alternative membrane process which has been 
investigated as an alternative and complement to RO. The FO process does not rely 
on forcing water across a membrane via a hydraulic pressure difference; instead the 
osmotic potential in a concentrated “draw” induces water to move across the 
membrane. Theoretically, FO can extract more water from a given volume of 
seawater than RO, i.e. FO can achieve higher recovery of water from the feed, 
because it has a greater driving force available to it, so FO has been proposed as a 
method which could be used to treat saline water streams that are too concentrated 
for RO to be effective. Alternatively, FO could be used to augment RO by further 
processing the RO discharge brine and has been proposed as a technology which 
could be used to achieve “zero liquid discharge”, in which most, or nearly all, brine 
discharge eliminated. Because FO doesn’t use hydraulic pressure to force water 
across the membrane, fouling of the membrane is more gentle and may be easier to 
clean [6]. 
There are numerous challenges in developing FO processes. Existing RO 
membranes perform poorly in FO processes[7], and novel membranes must be 
developed specifically for FO processes. In addition, FO offers a rich opportunity 
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for the development of draw solutes[8–10], which are necessary to drive flow across 
the membrane surface. In this study, the compatibility of common commercial 
membranes with a novel switchable polarity solute (SPS) draw solution, and the 
performance of this SPS solution when applied to FO, was investigated. 
1.2. Membrane Processes for Desalination and Osmotic Separations 
. Reverse Osmosis 
Reverse osmosis is a process by which a solution is applied to a semipermeable 
membrane at high pressure. The membrane rejects most dissolved solutes, including 
most salts, sugars, and small uncharged organic molecules, while allowing the 
solvent to pass through, resulting in a reduction of dissolved compounds in the 
membrane permeate (material which has passed through the membrane) and an 
increase in dissolved components in the membrane retentate (material which has 
been rejected by the membrane) [11]. RO membranes are dense polymeric materials 
in which water, or other compatible solvents, transports mainly through the transient 
void space which opens up in the polymer due to random thermal motion [12]. 
Typically, the actual membrane is a very thin polymer film formed on the surface a 
second support membrane, which is in turn formed atop a polymeric backing paper 
(Figure 1-1). 
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Figure 1-1: Representative cartoon of the interfacially-polymerized polyamide-polysulfone-polyester 
membrane which is most commonly used in RO desalination. For desalination applications, the non-porous 
polyamide layer is generally formed from m-phenylenediamine and trimesoyl chloride. The porous polymer 
layer is generally formed from polysulfone via nonsolvent-induced phase separation atop a polyester 
nonwoven backing paper. 
RO has proven to be the most viable desalination technology and most newly 
installed desalination capacity is in the form of RO [13]. While RO produces a less-
pure product than thermal desalination processes, it is viewed as more efficient[1,14] 
and is inherently scalable, as new membrane modules and pumps can be installed 
with minimal impact on existing equipment. RO is also highly flexible in plant size, 
with RO installation sizes ranging from personal units designed for domestic kitchen 
use to large installations which support large municipal populations. 
In an idealized situation, such as a solution of salt in water, RO membranes do 
not “clog” like a filter. Instead, the presence of the solute in water decreases the 
thermodynamic activity of the water. Since, for example, a solution of pure water 
has an activity of 1, when a solution of pure water is placed in contact with a 
semipermeable membrane, which is in contact with a salt solution, water will 
transport into the salt solution, i.e. osmosis. If sufficient mechanical pressure is 
applied, this flow of water can be stopped and reversed. However, solutes that are 
rejected accumulate near the membrane surface due to advection and are removed 
from the surface via diffusion. Thus, at steady state, the concentration of solute at 
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the membrane surface is higher than that of the bulk solution, and thus the flux of 
water that can be achieved through a RO membrane is, at least partially, limited by 
external mass transfer. That is, RO performance is partially self-limiting. 
. Forward Osmosis 
Forward osmosis (FO), in contrast to reverse osmosis, leverages the incredible 
osmotic pressures that can be generated using “draw solutes” to pull water from an 
impaired source, such as wastewater, seawater, or brine from natural resource 
extraction, into a concentrated solution of the draw solute, but which is devoid of 
any of the feed solute and contaminants [15]. While FO and the related pressure-
retarded osmosis (PRO) processes are not new, a resurgence in interest occurred 
following the description of a thermolytic draw solute consisting of ammonia and 
carbon dioxide dissolved to form a complex mixture of ammonium, carbamate, 
bicarbonate, and carbonate salts [16,17]. Unlike RO, which relies on mechanical 
energy almost invariably supplied by electricity, the ammonia-CO2 FO process 
spontaneously extracts water from even very concentrated feed solutions and can be 
regenerated using low-grade thermal energy via vacuum distillation. While there has 
been criticism over whether FO is a “low-energy” desalination technology and 
whether it can compete cost-effectively with RO[18], the technology has been 
commercialized, particularly for the dewatering of brine solutions. 
. Challenges in Forward Osmosis 
Efforts in FO have primarily been hindered in two areas: membranes must be 
custom-designed for forward osmosis applications and draw solutes must have 
desirable characteristics for effective application. Early attempts to utilize reverse 
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osmosis membranes for forward osmosis determined that the porous support (or, for 
integrally-skinned membranes, mid-) layer and fabric backing layer create unstirred 
internal boundary layers through which draw solutes must diffuse to act on the 
membrane surface [7,19]. Despite using draw solutions with bulk osmotic pressures 
on the order of hundreds of bar, the equivalent flux of only tens of bar of pressure 
can be achieved because the internal boundary layers “trap” dilute solution close to 
the membrane surface. In addition, it has been determined that the hydrophobic 
support polymers used in polyamide membranes do not spontaneously wet out upon 
immersion in water, limiting the ability of the draw solution to act across the active 
layer; this is not a problem when water is being convectively forced through them 
as in reverse osmosis. Subsequent efforts have been made in developing extremely 
thin and open porous substrates[20], modifying existing hydrophobic substrates to 
be hydrophilic enough to spontaneously wet in water[21], and even developing 
novel membrane fabrication techniques such as the deposition of electrospun 
nanofibers [22]. 
Efforts to develop new draw solutions have to contend with the often competing 
goals of low cost, low toxicity, high diffusivity, low viscosity, and high osmotic 
pressure [8]. Solutes which exist as pure liquids with infinite miscibility with water 
have infinite osmotic pressure as pure liquids. Although classical theory predicts that 
this could lead to infinite flux, more rigorous derivations of the solution-diffusion 
model show that flux increases logarithmically at high driving force [23]. 
Additionally, some solutes that meet this category, e.g. ethanol, may adversely affect 
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the membrane structure via swelling, or may not be highly rejected by the membrane 
selective layer. 
. Pressure Retarded Osmosis from Natural and Artificial Sources 
Pressure-retarded osmosis, as opposed to reverse(d) osmosis, occurs when 
osmotic flow is resisted by mechanical force [17,24–26]. Unlike in RO, the 
mechanical force is not sufficient to reverse flow and produce fresh water. Instead, 
water flows into the draw solution against the pressure gradient and consequently 
increases the pressure and/or volume of the draw solution. The chemical potential 
change, as the draw solution is diluted, ensures that the process is spontaneous, while 
work can be extracted from the dilution and expansion of the draw solution. 
One application of PRO which has received much attention is the potential to 
recover the energy of mixing between seawater and river water. A commercial plant 
operated by Statkraft in Norway attempted to develop power generation via this 
method[27], however they were forced to divest their interests in PRO due to the 
low cost of alternative energy sources. A number of theoretical studies have 
indicated that despite the prevalence of ocean-river interfaces and the vast amounts 
of energy that are released there (on the order of 1 TW), the specific energy density 
of river water and seawater (i.e. the kWh recoverable per m3 of feed) are too low to 
be of practical use [28,29]. Additional practical considerations, such as the fact that 
the river-ocean interface contains dilute water compared to offshore seawater, and 
the fact that both seawater and river water must be treated to prevent fouling of the 
membrane surface, have made it appear unlikely that this natural osmotic energy 
source can be harnessed to produce electricity. 
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. The Osmotic Heat Engine and the Osmotic Battery 
A promising application of PRO is in the storage of energy or the use of waste 
heat to drive the recovery of a draw solute. In the first guise, the PRO process acts 
as an osmotic battery; solution of concentrated draw solution and dilute feed solution 
are stored for use when demand for electricity is high. An osmotic battery could act 
as a load-leveling device, consuming electricity to generate the feed solutions when 
energy is plentiful and releasing it when energy is scarce. In this case, the need to 
develop a draw solute which can be recovered by a circuitous route is obviated, and 
the system can operate with a net negative efficiency. Instead, it is necessary to 
develop draw solutions which are stable, inexpensive, and capable of generating 
high energy density. 
An alternate osmotic energy source is the osmotic heat engine[30], in which a 
stream of concentrated and dilute solution is constantly generated via an input heat 
source, then recombined via PRO. By storing additional volume of feed and draw 
solution beyond that which is required to operate the system, the osmotic heat engine 
can simultaneously act as an osmotic battery. A few osmotic heat engines have been 
proposed, including one based on the distillation of ammonia and carbon dioxide 
salts in solution and two similar systems based on using membrane distillation to 
concentrate an aqueous solution of sodium chloride[31] or a solution of lithium 
chloride in methanol [32]. 
1.3. Switchable Polarity Solvents as FO and PRO Draw Solutes 
An attractive class of “regenerable” draw solute are the so-called “switchable 
polarity solutes” (SPS). These are pH-responsive solutes which reversibly become 
soluble or insoluble in water upon protonation. In the context of FO, we limit the 
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term SPS here to tertiary aliphatic amines (𝑁𝑅3) which have limited miscibility with 
water. When the pH of the aqueous phase is decreased, the amine becomes soluble 
as an aliphatic ammonium salt (𝐻𝑅3𝑁
+). Practically, it is useful to further limit the 
term SPS to amines which become soluble upon reaction with carbonic acid, since 
carbonic acid is readily stripped or desorbed, yielding control over the phase of the 
amine. 
Molecules with SPS behavior balance hydrophobic behavior (necessary to be 
immiscible with water in the uncharged state) and hydrophilic behavior (sufficient 
to make the protonated amine soluble) with the additional demand that such reaction 
is favorable in solution with carbonic acid [33]. Similar “switchable water” materials 
exist as water-soluble amines which are reversibly converted into ionic forms via 
addition of carbonic acid [34,35]. The reaction for these processes is shown in  
Figure 1-2. 
𝑁𝑅3(𝑎𝑞) + 𝐻2𝑂
𝐶𝑂2
→ 𝑁𝑅3𝐻
+(𝑎𝑞) + 𝐻𝐶𝑂3
−(𝑎𝑞) 
𝑁𝑅3(𝑙) + 𝐻2𝑂
𝐶𝑂2
→ 𝑁𝑅3𝐻
+(𝑎𝑞) + 𝐻𝐶𝑂3
−(𝑎𝑞) 
 
Figure 1-2: Reaction schema for (top) switchable water and (bottom) switchable polarity solvents. (𝒂𝒒) 
represents aqueous solutes, while (𝒍) indicates a pure solvent phase. 
By some definitions, molecules such as ammonia, diethylamine, and 
trimethylamine constitute “switchable water” (SW), in that aqueous solutions of the 
compound can have their ionic strength raised to a very high value through the 
addition of CO2 (Figure 1-3). The switching behavior allows the osmotic pressure 
of the solution to be dramatically increased. It is has been proposed to implement an 
FO cycle in which a SW draw solute is protonated (through CO2 addition), diluted 
in FO, then deprotonated (via CO2 stripping, which also removes some water that 
can be recovered) and subject to reverse osmosis [36,37]. 
 10 
 
Figure 1-3: Qualitative difference between “switchable water” (SW) and “switchable polarity solvent” (SPS) 
materials. In both cases, amines which are protonated in water by carbonic acid are used to reversibly change 
the solution osmolality. 
In general, SW materials can be reverted to their initial non-protonated form by 
either stripping the CO2 out of solution as gas, or by thermally decomposing the salt. 
Similarly, SPS materials can be reverted to their initial non-protonated state via 
identical methods, the difference being that the SPS material will revert to a water-
insoluble organic phase saturated in water. 
. Draw solute regeneration 
Broadly, draw solutions for FO and PRO can be classified as regenerable and 
non-regenerable. All osmotic processes can be reversed mechanically if a suitable 
membrane is available, and many osmotic processes can be reversed via distillation, 
i.e. when the solute is non-volatile. However, the term “regenerable” is applied only 
to solutes which can be regenerated by non-mechanical means which attempt to 
minimize the total cost of energy required to produce pure water. Several methods 
proposed are classified in Table 1-1 as belonging to four common schemes for draw 
solute regeneration: direct methods (which act directly on the solute/solvent system), 
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and thermal, pH, and photo-induced methods which alter a solution property (e.g. 
osmotic pressure, concentration, structure) via an energy input before regeneration. 
Table 1-1: A (non-exhaustive) collection of methods for the regeneration of draw solutes. Exemplars 
for each class of draw solute regeneration method are given where available. 
Direct Thermal pH Photo-catalytic 
Distillation (of solute or solvent) 
Acid/base 
condensation rxn 
[36] 
Decomposition [38] 
Mechanical osmotic 
separation (RO) 
UCST/LCST behavior 
[39] 
  
Magnetophoresis 
[40] 
Swelling/Deswelling 
[41] 
  
Electrophoresis (e.g. 
Electrodialysis) 
Thermolytic 
decomposition [16]  
  
 Micellization[42,43]  
 Conformation change 
 
In the context defined here, “indirect” methods of draw solute regeneration act 
on the molecular structure of the solute, or the energetics of the solute-solvent 
interaction. In this way, an energy input induces some phase or structural change in 
the solution which changes the water activity and the solute activity reducing the 
osmotic pressure, or causes a phase separation into a water-rich and water-poor 
phase, thus reducing energy required to extract a volume of purified water from the 
draw solute. 
Despite avoiding the use of direct RO or distillation, all draw solute recovery 
schemes are, at best, equivalent to the theoretical energy requirements direct 
separation method (i.e. reverse osmosis) [18]. It is possible that indirect methods of 
draw solute regeneration can compete with direct separation methods on the basis 
of both cost and overall efficiency, however the limitation of the energetics of draw 
solute recovery make it apparent that the design of an FO process which is capable 
of treating a given feed stream at a lower total cost is challenging. For this reason, 
the current state-of-the-art application for FO processes has been in treating high-
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salinity feed streams which are untreatable via direct methods due to fouling and 
scaling concerns and extreme concentration polarization. 
. Physical and Chemical Properties of SPS Materials  
Both the switching/de-switching behavior of SPS solutes and the properties of 
the resulting solution are complex. As previously stated, in the context of forward 
osmosis, only tertiary amines are considered. Primary and secondary amines can 
form carbamate complexes (NR2COOH), while tertiary amines, being saturated, 
cannot. The candidate amine must have sufficient hydrophobicity (as evidenced by 
a positive log𝐾𝑂𝑊 value) to be insoluble in water as a hydroxide[33]; as the pKa of 
the amine increases, the tendency to form hydroxide complexes in water increases. 
Additionally, the candidate amine should be basic enough to interact with carbonic 
acid. Via this log 𝐾𝑂𝑊/𝑝𝐾𝑎 method, Durelle et al[44] identify a region in which 
amines having SPS behavior are expected to be found, however, this is not sufficient 
to predict SPS behavior. For example, Wilson and Stewart[33] identify the amine 
N,N-diisopropylethylamine (“Hünig’s base”) as having no SPS activity despite 
being a candidate via the method described by Durelle et al. Wilson and Stewart 
construct a quantitative structure-activity relationship (QSAR) model which 
describes the impact of  the number and position of carbon atoms in relation to a 
reference N,N-dimethyl-n-alkyl-amine structure, with long n-alkyl chains leading to 
lower solubility of the amine-bicarbonate salt. In this model, carbons extending 
beyond the N,N-dimethyl-n-alkyl-amine skeleton (e.g. branching off the n-alkyl 
chain or extending the methyl group) decrease the total solubility of the amine-
bicarbonate salt relative to the given n-alkyl substituent, with additional carbons 
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thrice-removed from the nitrogen (𝛾) having the greatest destabilizing effect (Figure 
1-4). This is attributed to steric interaction between the carbon and nitrogen, 
preventing water from solvating the ammonium cation. Wilson and Stewart also find 
that ring structures tend to stabilize the SPS material in aqueous solution, despite 
adding some steric hindrance (𝛽 carbon), while any addition of carbon to a reference 
N,N-dimethyl-n-alkyl-amine skeleton with no ring structure resulted in lower 
solubility. 
 
Figure 1-4: Location of α, β, and γ carbons in the non-osmotic SPS N,N-dimethyl-n-octyl-amine (DMOA) 
and the osmotic SPS N,N-dimethylcyclohexylamine (DMCHA). 
The stability and behavior of the resulting solution is also not given simply from 
the ability of the solution to absorb CO2 and form a single phase. Wilson and Orme 
identify N,N-dimethyloctylamine (DMOA) as a “non-osmotic” SPS material. 
DMOA is a tertiary amine which forms a solution with excess non-protonated amine 
per mole of bicarbonate [45], so addition of water to the non-osmotic DMOA 
solution results in phase separation as the excess non-protonated amine is liberated. 
On the other hand, osmotic SPS materials have roughly equivalent concentrations 
of amine and bicarbonate ion and thus dilute in stable ratios of amine to bicarbonate. 
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. Applications to Forward and Pressure-Retarded Osmosis and 
Considerations 
“Switched” SPS materials can have high solubility and, correspondingly, high 
osmotic pressure. After dilution via water permeated in the osmosis process, the 
resulting solution can be “de-switched”, rejecting a large volume of water from the 
solution. This water-rich phase, which is saturated with SPS material, can then be 
purified using reverse osmosis and nanofiltration, followed by adsorption or 
degradation. A schematic of a proposed SPS-FO process is shown in Figure 1-5. 
Two SPS materials, N,N-dimethylcyclohexylamine (DMCHA) and 1-
cyclohexylpiperidine (CHP) have been applied to FO processes as a thermolytic 
draw solutes [36,37]. 
 
Figure 1-5: A process diagram for an integrated SPS FO process in which SPS material is continuously 
switched in an absorber, diluted in an FO process, and then regenerated via stripping, liquid-liquid 
decantation, and reverse osmosis polishing. 
SPS materials have only been partially characterized for FO applications. Initial 
testing of SPS with cellulose acetate membranes generated high water flux, but the 
membranes degraded during the test. At a minimum, this degradation can be 
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attributed to the high pH of SPS solutions, which causes hydrolysis of the cellulose 
acetate. The purpose of this study was to determine the compatibility of SPS 
materials with common membrane materials, such as polysulfones and polyamides. 
Although it is difficult to predict the performance of SPS solutions applied to FO 
due to the limited amount of information about the solvent-membrane interactions, 
some behavior can be predicted. Solutions of both DMCHA and CHP become more 
viscous and denser than either their respective organic phases or pure water. As will 
be discussed, viscosity is correlated to the mass transfer resistance encountered in 
membrane operation. The viscosity may also prevent membrane wetting throughout 
the entire membrane structure. Consequently, the performance of such membranes 
in an osmotic process should be lower than what might be predicted from the high 
osmotic pressure of switched SPS solutes. 
1.4. Transport in Osmotic Membranes and Governing Equations 
. The Solution-Diffusion Model and Reverse Osmosis 
Reverse osmosis has been described by a number of mechanisms including 
irreversible thermodynamics, transport through fine pores, and as a solution of 
“membrane” in equilibrium with the solutions it is in contact with [46]. This so-
called solution-diffusion model became the dominant description of reverse osmosis 
membranes in the 1980s and subsequent characterization and molecular simulation 
have verified many of the model’s assumptions. In the solution-diffusion model, 
water and solute transport across a dense nonporous membrane due to their 
concentration gradient. Water and solute partition into the stationary membrane 
phase, then diffuse through the void space in the polymer, and partition back into 
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solution on the other side of the membrane. In the solution-diffusion model, the 
solvent activity is continuous, while the solvent pressure is discontinuous. The 
conditions relevant to RO, FO, and PRO are shown in Figure 1-6.  
 
Figure 1-6: Activity gradients, 𝒂𝒊, for solute (𝒔) and water (𝒘), and the pressure profile, 𝑷, in osmotic 
membranes. Only the membrane active layer is shown, with water flux in all cases progressing from left 
to right. The pressure discontinuity in the membrane leads to a discontinuity in solution activity on either 
side of the membrane. The activities and pressures presented are illustrative of the general trend of 
pressure and activity difference, but the absolute magnitude of change does not correspond to real values. 
. Reverse Osmosis 
In reverse osmosis, pressure creates a discontinuity in the activity of the solute 
and solvent. At the upstream interface (i.e. the interface with the feed solution), the 
solution and membrane are at the same pressure and the activity of both phases are 
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identical. At the downstream interface (the interface with the permeate), the activity 
of both the solute and solvent are both reduced. 
Although a number of simplifications are required to reach the linearized form 
of the solution-diffusion model[23,47], the resulting expressions are incredibly 
simple and, for relatively dilute aqueous systems, adequate to describe and predict 
membrane behavior in reverse osmosis. It is common to simply represent the water 
and solute flux with their respective phenomenological coefficients, as 
𝐽𝑤 = 𝐴(𝛥𝑃 − 𝛥𝜋) (1-1) 
and 
𝐽𝑠 = 𝐵𝛥𝑐𝑠 (1-2) 
where 𝐽𝑤 and 𝐽𝑠 are the water and solute flux across the membrane, in liter•m
-2•hr-1 
and mole•m-2•hr-1, respectively. Δ𝑃 is the transmembrane pressure difference, Δ𝜋 is 
the transmembrane osmotic pressure difference, and Δ𝑐𝑠 is the transmembrane 
concentration difference. 𝐴 is the hydraulic permeance, with units of liter•m-2•hr-
1•bar-1 and 𝐵 is the solute permeance, with units of liter•m-2•hr-1. 
These forms are used throughout the remainder of this work to describe transport 
through osmotic membranes. Typically, 𝐴 is determined via linear interpolation of 
the flux of pure water at a number of different concentrations. 𝐵 is determined by 
applying a solution with a single solute to the membrane and noting that the 
concentration of the solution permeating the membrane is approximately equivalent 
to 𝐽𝑠 𝐽𝑤⁄ . 
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. External Concentration Polarization 
Membrane systems often perform markedly less effectively than would 
otherwise be expected from the osmotic pressure and hydraulic pressure supplied in 
the feed stream. As solvent transports to the surface of the membrane, it carries with 
it the solutes dissolved in it. If these solutes are rejected by the membrane, they 
accumulate at the surface until a steady-state boundary layer is achieved such that 
the forces of diffusion  and advection are balanced. This phenomenon is known as 
concentration polarization (CP) and in the field of forward osmosis, acquires the 
additional designation as external concentration polarization (ECP). The 
concentration profile external to the membrane follows an exponentially-shaped 
curve; in the ideal case, it will be shown, the concentration profile is described 
exactly by an exponential function, as illustrated in Figure 1-7. Since the transport 
of solute across the membrane active layer in Equations (1-1) and (1-2) is derived 
for the concentration solution properties at the membrane surface, it is necessary to 
correct for the interfacial concentration of solute. 
 
Figure 1-7: Illustration of the external concentration polarization phenomenon for reverse osmosis. The 
concentration of water decreases while the concentration of solute increases due to the semipermeable 
nature of the membrane. Due to the pressure discontinuity at 𝓵, the permeate solution has higher 
concentration of water and lower concentration of solute than the feed solution. 
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The one-dimensional steady-state transport of a single solute external to the 
membrane is governed by the continuity equation which requires that 
−𝐷
𝑑𝑐𝑠
𝑑𝑥
+ 𝐽𝑣𝑐𝑠 = 𝐽𝑠 (1-3) 
where 𝑐𝑠 is the concentration of solute. Integrating Equation (1-3) from 𝑥 = 0 to 𝛿 
and 𝑐𝑠 = 𝑐𝑠,𝑏 to 𝑐𝑠,𝑚yields 
𝑐𝑠,𝑚 − 𝑐𝑠,𝑝
𝑐𝑠,𝑏 − 𝑐𝑠,𝑝
= 𝑒
𝐽𝑤𝛿
𝐷  (1-4) 
Since both the solute and solvent exit the membrane together, the term 𝐽𝑠 𝐽𝑤⁄  is 
equivalent to 𝑐𝑠,𝑝. Since the boundary layer thickness, 𝛿, is not an experimentally 
accessible quantity, the mass transfer coefficient, 𝑘, which is defined as 𝐷 𝛿⁄ , is 
substituted. The concentration of solute at the membrane interface is thus given as 
𝑐𝑠,𝑚 = 𝑐𝑠,𝑏𝑒
𝐽𝑤
𝑘⁄ + 𝑐𝑠,𝑝 (1 − 𝑒
𝐽𝑤
𝑘⁄ ) (1-5) 
For membranes which highly reject solute, 𝑐𝑝 can be neglected and the interfacial 
concentration is simply given by 
𝑐𝑠,𝑚 = 𝑐𝑠,𝑏𝑒
𝐽𝑤
𝑘⁄  (1-6) 
The mass transfer coefficient, 𝑘, is defined by the Sherwood number as 
𝑁𝑆ℎ ≡
𝑘ℓ
𝐷
 (1-7) 
where ℓ is the characteristic length of the system and 𝐷 is the diffusion coefficient. 
The Sherwood number is a function of the geometry of the system. Membrane test 
cells are often either stirred cells or rectangular crossflow cells, which rectangular 
cells being more common for osmotic membranes. In a rectangular cell of high 
aspect ratio (i.e. 𝑤 ≫ ℎ, where 𝑤 is the width of the channel and ℎ is the height), 
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the characteristic length in Equation (1-7) is given by the hydraulic diameter, 𝑑ℎ, 
which is defined for rectangular annuli as 
𝑑ℎ =
2𝑤ℎ
𝑤 + ℎ
 (1-8) 
Correlations for the Sherwood number are generally given as a semi-empirical 
function of the Reynolds number and Schmidt number based on the Chilton-Colburn 
analogy[48], with the form 
𝑁𝑆ℎ = 𝛼(𝑁𝑅𝑒)
𝛽(𝑁𝑆𝑐)
𝛾 (
𝑑ℎ
𝐿
)
𝛿
 (1-9) 
A common form of Equation (1-9), the Graetz-Leveque correlation, is 
extensively applied to reverse and forward osmosis membrane cells for laminar flow 
conditions. The correlation is given as 
𝑁𝑆ℎ =
𝑘𝑑ℎ
𝐷
= 1.85𝑁𝑅𝑒
0.33𝑁𝑆𝑐
0.33 (
𝑑ℎ
𝑙⁄ )
0.33
 (1-10) 
where 𝑙 is the length of the channel.  
With Equations (1-5) and (1-10), it is possible to predict the performance of a 
reverse or forward osmosis membrane and accurately fit 𝐴 and 𝐵 to experimental 
data. Without adjustment for CP, the 𝐴 and 𝐵 that are fitted will incorporate 
information about the particular hydrodynamic conditions in the test cell. 
. Forward Osmosis 
In forward osmosis, there is no applied external pressure (or it may be on the 
order of a few psi, and thus negligible compared to the osmotic pressures). The 
performance of membranes in FO is severely reduced from that which might be 
predicted from theory [7]. This is due to the additional resistances that occur during 
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osmosis. In FO, the driving force for water and solute flux is due to the local 
concentrations of solute at the membrane interface. 
 
Figure 1-8: Mass transfer resistances present in forward osmosis. Note the change in superscript from 
denoting the membrane/solution phase (as in Figure 1-7) to denoting the species. The subscript denotes 
the location (b(ulk), m(embrane), and the porous support i(nterface)) and the side of the membrane 
(f(eed) or d(raw)). 
The biggest resistance to osmotic flux in FO is the porous layer which supports 
the active layer. This porous support layer creates an unstirred internal boundary 
layer, which leads to the phenomenon of internal concentration polarization (ICP), 
as illustrated in Figure 1-8. The ICP phenomenon dramatically decreases the osmotic 
pressure available to create the driving force from the value in the bulk draw 
solution. The ICP phenomenon is described similarly to the ECP phenomenon, 
beginning with the analogue of Equation (1-3). 
−
𝜀
𝜏
𝐷
𝑑𝑐𝑠
𝑑𝑥
+ 𝐽𝑣𝑐𝑠 = 𝐽𝑠 (1-11) 
The term 𝜀 represents the membrane porosity (i.e. the percent empty space), which 
always has a value less than unity. The term 𝜏 represents the membrane tortuosity, 
which is a measure of the effective distance that a diffusing solute must travel 
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through the membrane pore space. The term 
𝜀
𝜏
 is always less than unity and the 
effective diffusivity, 
𝜀
𝜏
𝐷, is less than the bulk diffusivity. 
Integrating Equation (1-11) backwards from 𝑐 = 𝑐𝑠,𝑖 (the interface of the porous 
support and the bulk solution) to 𝑐𝑠,𝑚 and 𝑥 = 𝑡 to 0, where 𝑡 is the thickness of the 
porous support (essentially equivalent to the overall membrane thickness) yields an 
expression similar to Equation (1-4) 
𝑐𝑠,𝑚 −
𝐽𝑠
𝐽𝑤
𝑐𝑠,𝑖 −
𝐽𝑠
𝐽𝑤
= 𝑒−
𝐽𝑤𝑡𝜏
𝐷𝜀 = 𝑒−
𝐽𝑤𝑆
𝐷⁄  (1-12) 
The term 𝑡𝜏 𝜀⁄  is referred to as the structural parameter, denoted 𝑆. 𝑆 is generally 
treated as a single parameter, typically denoted in microns [49]. The ratio 𝑆 𝐷⁄  is 
sometimes referred to as the solute resistivity, denoted 𝐾, or equivalently the ratio 
𝐷 𝑆⁄  is referred to as the internal mass transfer coefficient, denoted 𝑘𝑠. 
The concentration at the porous support-bulk solution interface, 𝑐𝑠,𝑖, is often 
treated as equivalent to the bulk concentration. However, it has become common to 
include a description of the external concentration polarization boundary layer that 
occurs on the support side of the membrane, and this dilutive (in the case of FO) 
external CP has been experimentally confirmed [50]. Following a similar derivation, 
the concentration of solute at the porous support-solution interface is given as 
𝑐𝑠,𝑖 −
𝐽𝑠
𝐽𝑤
𝑐𝑠,𝑏 −
𝐽𝑠
𝐽𝑤
= 𝑒−
𝐽𝑤
𝑘⁄  (1-13) 
From Equation (1-12) and (1-13), it can be found that 
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𝑐𝑠,𝑚 = 𝑐𝑠,𝑏𝑒
−
𝐽𝑤
𝑘⁄ 𝑒−
𝐽𝑤𝑆
𝐷⁄ +
𝐽𝑠
𝐽𝑤
(1 − 𝑒−
𝐽𝑤
𝑘⁄ 𝑒−
𝐽𝑤𝑆
𝐷⁄ ) (1-14) 
The driving force for water flux is described by the osmotic pressure. For very 
dilute systems, the osmotic pressure may be described by the van’t Hoff relation, 
which states that 𝜋 = 𝜈𝑐𝑅𝑇, where 𝜈 is the number of species formed upon 
dissociation of the solute in solvent and 𝑐 is the molar concentration. The Van’t Hoff 
relation is the limiting law for osmotic pressure as concentration decreases to zero 
in the same way the ideal gas law is the limiting law for describing gas as their 
pressures decrease towards zero. Substituting the Van’t Hoff equation with osmotic 
coefficients into Equation (1-1) yields (for FO, neglecting the hydraulic pressure and 
reversing the order of the draw and feed osmotic pressures) 
𝐽𝑤
𝐴
= 𝛥𝜋 = 𝜋𝑑 − 𝜋𝑓 = 𝜈𝑐𝑠,𝑑𝑅𝑇 − 𝜈𝑐𝑠,𝑓𝑅𝑇 (1-15) 
FO characterization studies typically utilize sodium chloride (𝜈 = 2) at 
concentrations between 0 and 1 molar. This allows 𝐽𝑤 to be described as proportional 
to 𝛥𝑐 just as the the solute flux is. 
Substituting expressions for the external and internal concentration polarization, 
Equation (1-15) can be expressed in terms of the bulk concentrations 
𝐽𝑤
𝐴𝜈𝑅𝑇
= 𝑐𝑑,𝑚 − 𝑐𝑓,𝑚 
𝑐𝑑,𝑚 = 𝑐𝑑,𝑏𝑒
−
𝐽𝑤
𝑘𝑑
⁄
𝑒−
𝐽𝑤𝑆
𝐷⁄ +
𝐽𝑠
𝐽𝑤
(1 − 𝑒
−
𝐽𝑤
𝑘𝑑
⁄
𝑒−
𝐽𝑤𝑆
𝐷⁄ ) 
𝑐𝑓,𝑚 = 𝑐𝑓,𝑏𝑒
𝐽𝑤
𝑘𝑓
⁄
+
𝐽𝑠
𝐽𝑤
(1 − 𝑒
𝐽𝑤
𝑘𝑓
⁄
) 
(1-16) 
By noting that 𝐽𝑠 ≈ 𝐵𝛥𝑐 = 𝐵(𝑐𝑑,𝑚 − 𝑐𝑓,𝑚), an expression for 𝛥𝑐 can be found as 
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𝛥𝑐 = (𝑐𝑑,𝑚 − 𝑐𝑓,𝑚) =
𝑐𝑑,𝑏𝑒
−
𝐽𝑤
𝑘𝑑
⁄
𝑒−
𝐽𝑤𝑆
𝐷⁄ − 𝑐𝑓,𝑏𝑒
𝐽𝑤
𝑘𝑓
⁄
1 +
𝐵
𝐽𝑤
(𝑒
−
𝐽𝑤
𝑘𝑑
⁄
𝑒−
𝐽𝑤𝑆
𝐷⁄ − 𝑒
𝐽𝑤
𝑘𝑓
⁄
)
 (1-17) 
where 𝑘𝑑 and 𝑘𝑓 are the external mass transfer coefficients on the draw and feed 
side. Thus Equation (1-1) becomes 
𝐽𝑤 = 𝐴𝜈𝑅𝑇
𝑐𝑑,𝑏𝑒
−
𝐽𝑤
𝑘𝑑
⁄
𝑒−
𝐽𝑤𝑆
𝐷⁄ − 𝑐𝑓,𝑏𝑒
𝐽𝑤
𝑘𝑓
⁄
1 +
𝐵
𝐽𝑤
(𝑒
−
𝐽𝑤
𝑘𝑑
⁄
𝑒−
𝐽𝑤𝑆
𝐷⁄ − 𝑒
𝐽𝑤
𝑘𝑓
⁄
)
 (1-18) 
and Equation (1-2) becomes 
𝐽𝑠 = 𝐵𝛥𝑐 = 𝐵
𝑐𝑑,𝑏𝑒
−
𝐽𝑤
𝑘𝑑
⁄
𝑒−
𝐽𝑤𝑆
𝐷⁄ − 𝑐𝑓,𝑏𝑒
𝐽𝑤
𝑘𝑓
⁄
1 +
𝐵
𝐽𝑤
(𝑒
−
𝐽𝑤
𝑘𝑑
⁄
𝑒−
𝐽𝑤𝑆
𝐷⁄ − 𝑒
𝐽𝑤
𝑘𝑓
⁄
)
 (1-19) 
. Pressure-Retarded Osmosis 
Pressure-retarded osmosis exists in the middle of forward osmosis and osmotic 
equilibrium. In PRO, applied pressure less than the osmotic pressure resists the flow 
of solvent into the draw solution and the flow against this resistance is used to 
produce work. 
Similar to reverse osmosis, the solvent flux in PRO is described by Equation 
(1-1) as a function of the transmembrane osmotic pressure difference, 𝛥𝜋, and the 
transmembrane pressure difference, 𝛥𝑃. If the discharge pressure is taken to be the 
ambient pressure, the term 𝛥𝑃 can be replaced with the gauge pressure on the draw 
side, otherwise known as the operating pressure (𝑃𝑜𝑝), so 𝐽𝑤 = 𝐴(𝑃𝑜𝑝 − 𝛥𝜋). 
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Figure 1-9: Mass transfer resistances in PRO. The direction of water and solute flux are opposite from 
that in FO (Figure 1-8). 
The solute flux in PRO is similar to that in FO, however PRO processes are 
operated with the membrane active layer facing the feed solution (i.e. “PRO mode”). 
In this case, water flows from the porous support into the membrane (i.e. the opposite 
from FO and RO operation). It is common to swap the signs of the transport 
equations so that 𝐽𝑤 and 𝐽𝑠 are both positive. Here, however, PRO solvent flux is 
simply defined as negative and the PRO solute flux as positive (the opposite of FO). 
The effect this has on the mass transfer boundary layers is shown in Figure 1-9. In 
this case, the water flux, analogous to Equation (1-16), is given as 
𝐽𝑤
𝐴𝜈𝑅𝑇
= 𝑐𝑓,𝑚 − 𝑐𝑑,𝑚 
𝑐𝑑,𝑚 = 𝑐𝑑,𝑏𝑒
−
𝐽𝑤𝑆
𝐷⁄ +
𝐽𝑠
𝐽𝑤
(1 − 𝑒
−
𝐽𝑤
𝑘𝑑
⁄
) 
𝑐𝑓,𝑚 = 𝑐𝑓,𝑏𝑒
𝐽𝑤
𝑘𝑓
⁄
𝑒
𝐽𝑤𝑆
𝐷⁄ +
𝐽𝑠
𝐽𝑤
(1 − 𝑒
𝐽𝑤
𝑘𝑓
⁄
𝑒
𝐽𝑤𝑆
𝐷⁄ ) 
(1-20) 
thus 
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𝐽𝑤 = 𝐴𝜈𝑅𝑇
𝑐𝑓,𝑏𝑒
𝐽𝑤
𝑘𝑑
⁄
𝑒
𝐽𝑤𝑆
𝐷⁄ − 𝑐𝑑,𝑏𝑒
−
𝐽𝑤
𝑘𝑓
⁄
1 +
𝐵
𝐽𝑤
(𝑒
𝐽𝑤
𝑘𝑑
⁄
𝑒
𝐽𝑤𝑆
𝐷⁄ − 𝑒
−
𝐽𝑤
𝑘𝑓
⁄
)
 (1-21) 
while the solute flux is given as  
𝐽𝑠 = 𝐵𝛥𝑐 = 𝐵
𝑐𝑓,𝑏𝑒
𝐽𝑤
𝑘𝑑
⁄
𝑒
𝐽𝑤𝑆
𝐷⁄ − 𝑐𝑑,𝑏𝑒
−
𝐽𝑤
𝑘𝑓
⁄
1 +
𝐵
𝐽𝑤
(𝑒
𝐽𝑤
𝑘𝑑
⁄
𝑒
𝐽𝑤𝑆
𝐷⁄ − 𝑒
−
𝐽𝑤
𝑘𝑓
⁄
)
 (1-22) 
A metric for performance in PRO processes is the power density of the 
membrane, or the rate at which work is generated per unit membrane area. The ideal 
amount of energy that can be extracted occurs when the draw solution is diluted 
reversibly to have the same osmotic pressure as the hydraulic pressure applied to the 
draw solution. In this case, the pressure is incremented continuously from 𝜋𝑑 to the 
discharge pressure, which is bounded to be greater than or equal to 𝜋𝑓. However, a 
real PRO process operates at only a single pressure, and thus does not operate 
reversibly [28]. In this case, the work done by the process can be defined as 𝑊 =
𝛥𝑃𝛥𝑉 = 𝑃𝑜𝑝𝛥𝑉. The power density can be found by substituting 𝐽𝑤 for 𝛥𝑉. 
Given this, it is possible to define the power density as 
?̂? = 𝑃𝑜𝑝𝐽𝑤 = 𝑃𝑜𝑝𝐴(𝛥𝜋 − 𝑃𝑜𝑝) (1-23) 
where ?̂? is the power normalized to a unit area in 𝑊 𝑚2⁄ . By differentiation, it is 
possible to maximize Equation (1-23)[51] when 
𝑃𝑜𝑝 =
𝛥𝜋
2⁄  (1-24) 
This result applies when 𝛥𝜋 is the transmembrane osmotic pressure difference (i.e. 
adjusted for external and internal CP phenomena and not the bulk external 
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concentrations). The ideal operating pressure in the presence of CP effects is 𝑃𝑜𝑝 =
𝛥𝜋𝑚
2⁄ , where 𝛥𝜋𝑚 is the osmotic pressure difference across the membrane active 
layer. 
1.5. Conclusion 
The development of osmotic-based membrane processes offers both an 
alternative and a complement to existing RO and thermal desalination technology. 
The ability of SPS materials to generate high osmotic pressure and to be regenerated 
with moderate heating make them promising candidates for osmotic-based 
separations and osmotic-based power production. However, to be minimally viable, 
SPS materials must be screened for compatibility with common materials used in 
the membrane industry, and they must be able to exert osmotic pressure across a 
membrane without affecting the rejection of feed compounds. 
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 Reverse Osmosis Exposure Studies with N,N-
dimethylcyclohexylamine 
Published as part of “Characterization and membrane stability study for the switchable polarity 
solvent N,N-dimethylcyclohexylamine as a draw solute in forward osmosis”, Reimund, K. K., 
Coscia, B. J., Arena, J. T., Wilson, A. D., McCutcheon, J. R., J. Membr. Sci. 2016. 501. 93-99. 
 
In this chapter, the chemical compatibility of commercial thin-film composite 
RO membranes and the SPS material N,N-dimethylcyclohexylamine are evaluated 
for applications to osmotic processes. DMCHAH-HCO3 retains some of the solvent 
characteristic of its parent non-polar form. Since DMCHA is a weak electrolyte, 
DMCHA can partition into plastics and other materials, either taking its bicarbonate 
anion with it, or allowing it to revert to carbonic acid and degas as CO2.  Solutions 
of DMCHAH-HCO3, for example, often give off gas upon opening after sitting for 
some time. Additionally, some neutral DMCHA is solubilized in solution; Wilson 
and Orme find this ratio to be constant at roughly 1.08 moles of DMCHA per mole 
of DMCHAH-HCO3[1], meaning that concentrated solutions of DMCHAH-HCO3 
contain more free DMCHA than dilute solutions. Because of this, DMCHA in 
solutions of DMCHAH-HCO3 can sorb into and swell materials. It was directly 
observed that materials such as polypropylene exhibit permanent deformation 
under continuous load, as evidenced by a test tube of switched material lying on its 
side. As a solvent, DMCHA and DMCHAH-HCO3 are capable of leaching small 
organic compounds out of solids, including plasticizers. As a result, materials 
which rely on plasticizers to maintain flexibility, such as many types of plastic 
tubing, were observed to become brittle and crack after exposure to DMCHA 
solutions. Since DMCHAH-HCO3 is basic in aqueous solution[2], it degrades 
 31 
cellulose acetate forward osmosis membranes via hydrolysis[3], in addition to any 
number of other mechanisms for degradation, including swelling. 
Qualitatively, DMCHAH-HCO3 was not observed to degrade any metals. Brass 
and copper, which are susceptible to attack by ammonia and unsaturated amines 
through the formation of cupric ammine complexes, are not degraded by this 
mechanism by DMCHA or tertiary amines. Stainless steel and chrome coating were 
observed to be unaffected by exposure as well. Both brass and stainless steel, 
however, rust after long exposure to DMCHAH-HCO3, as it is presented as a 
concentrated electrolyte in equilibrium with atmospheric oxygen. Fluoropolymers 
including perfluoroalkoxy alkanes (PFA) and fluorinated ethylene propylene (FEP) 
were found to be undamaged by exposure, as was polyoxymethylene (POM). 
Norprene rubber had acceptable tolerance to exposure to both the polar and non-
polar amine forms, as did polyurethane, while o-ring material such as Viton and 
EPDM became brittle after extended exposure. 
While highly solvent-tolerant materials exist for membranes, such as poly-
ether-ether-ketone (PEEK)[4], polyimides[5], and fluoropolymers[6], it is desirable 
to work within the well-established framework of sulfone-amide thin-film 
composite membranes. The chances of adopting a particular draw solution 
chemistry are dramatically improved if it is compatible with existing membrane 
technology. Polyamide selective layers are generally chemically robust, and have 
been utilized or studied in a number of organic solvent nanofiltration applications 
[7]. On the other hand, while polysulfone and related membrane materials are 
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generally chemically tolerant, they, unlike the polyamide selective layer, are not 
crosslinked, and are thus more susceptible to swelling and degradation. 
To this aim, two commercial reverse osmosis membranes and a commercial 
forward osmosis membrane, all based on polysulfone-polyamide chemistry, were 
screened for long-term stability in a concentrated solution of 10 molal DMCHAH-
HCO3. The membranes studied were immersed in the DMCHAH-HCO3 solution 
for up to 90 days and their tolerance to this exposure was gauged via reverse 
osmosis desalination of 2000 ppm sodium chloride. DMCHA is not expected to 
cause chemical degradation to the polyamide selective layer, the polysulfone 
support layer, or the backing layer of the membrane. However, swelling of the 
polysulfone or backing layers could manifest as pore collapse under pressure, 
which would be indicated by a sharp reduction of permeability. Delamination of 
the selective layer from the support could result in increases in permeability of both 
water and solute. 
2.1. Materials and Methods 
. Membranes 
Seawater (SW-series) and brackish water (BW-series) desalination membranes 
were supplied by Dow Water and Process Solutions (Edina, MN). Dow BW30 and 
SW30HR membranes were used in this study. A commercial thin-film composite 
membrane for forward osmosis (HTI TFC) was provided by Hydration 
Technologies Innovations (Corvallis, OR). Membranes were received dry and 
immersed in refrigerated deionized (DI) water until use. 
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. Peeling Procedure 
The polyester (PET) backing layer of one batch of SW30HR membranes was 
removed by cutting a large sheet of membrane into individual rectangular test 
samples. Careful attention was made to the orientation of the membranes, with the  
longitudinal axis aligned across the direction of membrane fabrication, as 
illustrated in Figure 2-1. 
 
Figure 2-1: Orientation of membrane sample relative to membrane roll as received. 
It is not known what direction the membrane roll is received as from the 
manufacturer, however, peeling in one direction generates small rips and tears in 
the membrane surface, while peeling in the other direction results in clean removal 
of the polyester layer with no apparent defects as evidenced by reverse osmosis 
testing. 
. Chemicals 
N,N-dimethylcylohexylamine (>99%) was purchased from Acros Organics 
(Geel, Belgium) and Sigma Aldrich (St. Louis, MO). Carbon dioxide (“Bone Dry”) 
was purchased from Airgas Inc. (Radnor, PA). Sodium chloride was purchased 
from Fisher Scientific (Pittsburgh, PA). Deionized (DI) water was produced in-
house via a Millipore Integral 10 unit (Millipore Corporation, Billerica, MA). 
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. Switching procedure 
N,N-dimethylcyclohexylamine was combined with DI water in an open vessel 
and sparged with carbon dioxide to produce a concentrated solution of N,N-
dimethylcyclohexylammonium hydrogen carbonate. To produce solution at the 
target concentration of 10 molal, DMCHA was combined with water at a ratio of 
10 moles DMCHA to 1 kg + 10 moles DI water, since 1 mole of water is consumed 
in the switching reaction. Batches were always produced with a loading of 3816.9 
g DMCHA (i.e. 30 moles) and 3540 g DI water (i.e. 3 kg + 30 moles), for a total 
initial mass of 7356.9 g. Upon sparging with CO2, the solution becomes turbid as 
the immiscible organic and water phases mix. As the reaction completes, the 
solution becomes a viscous transparent faint yellow solution with no visible 
turbidity. 
The expected mass after sparging with CO2 is 8677.2 g (i.e. 3 kg water + 30 
moles DMCHAH-HCO3), and the switching process is shown schematically in 
Figure 2-2. The mass of the vessel, stir bar, and solution was measured before and 
after sparging with CO2, and the difference in expected mass was assumed to be 
due to stripping of water during the sparging process. The concentration of the 
resulting solution as adjusted by adding water to compensate for this “lost mass”. 
The reaction vessel heated to approximately 60 ˚C during the switching process, 
indicating that the switching reaction is exothermic. 
After adjusting the concentration of the mixture, the solution was decanted into 
polypropylene bottles for storage until use. 
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Figure 2-2: Batch switching process of N,N-dimethylcyclohexylamine to N,N-
dimethylcyclohexylammonium hydrogen carbonate. 
. Exposure procedure 
Four series of membranes—SW30HR, SW30HR membranes removed from 
their backing layer, BW30, and HTI TFC—were exposed to DMCHAH-HCO3 by 
direct immersion of 36 2”4” membrane samples (1858 cm2) in 1 liter of 10 molal 
DMCHAH-HCO3. After a specified amount of time, six samples were removed 
from the solution bath and three times with 500 ml DI water, then left to sit in a 500 
ml DI water bath for three days with a change of water occurring each day. 
. Reverse osmosis testing procedure 
Membranes were loaded into a 6-cell reverse osmosis test system as 
diagrammed in Figure 2-3. Membranes which were not modified were loaded in 
cells directly, while those which had been separated from their PET backing layers 
had surrogate PET layers (ones retained from the peeling process) loaded on top of 
the membranes to provide mechanical support. 
After dialyzing for three days, membranes were flushed with 100 ml of DI water 
through each membrane cell at 225 psi pressure to flush any remaining DMCHAH-
CO2 Sparging
Magnetic	Stirring
Water	Addition
Switched	Solution
Organic	Phase
Water
Approximately	
4-5	hours
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HCO3 out of the membrane. The system was then flushed and replenished with 
fresh DI water. 
 
 
Figure 2-3: Reverse osmosis test system 
Pure water permeance was measured at 225 psi via Equation (1-1) at 20 ˚C. 
Water flux for each cell was measured gravimetrically on an analytical balance. 
Sodium chloride permeability and rejection were measured with 2000 ppm (2 
g/liter) NaCl at 225 psi. Water flux was measured as before and the amount of NaCl 
present in the permeate was quantified via a conductivity probe (Oakton 
Instruments, etc.). The solute permeability coefficient was determined by adjusting 
for the membrane interfacial concentration of solute via Equations (1-5) and (1-10), 
with the permeate concentration and water flux known. 
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2.2. Results 
. Pure water permeance testing 
In general, membranes were observed to remain selective for NaCl after up to 
90 days of exposure. Figure 2-4 demonstrates the changes in water permeance after 
extended exposure to DMCHAH-HCO3. Seawater membranes (SW30 and SW30 
with PET backing layer removed) were observed to have the lowest response to 
exposure, while the permeability of the HTI TFC was observed to sharply increase. 
The BW30 membrane, with high initial permeability, was also generally 
unaffected. The increase in permeability for 7 days of exposure for the SW30 
membranes is potentially explained by better wetting of the porous support layer. 
The SW30 membrane is designed for desalination operation at ca. 800 psi, so the 
underlying pore structure may not fully wet out at 225 psi. Additionally, pre-
wetting of a SW30 membrane with a 50% (v/v) solution of 2-propanol produced an 
increase in water permeance on the order of 0.5 L•m-2•hr•-1•bar-1 (data not shown). 
 
Figure 2-4: Water permeance for membranes exposed to DMCHAH-HCO3 for the indicated number of 
days. 
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The purpose of removing the PET backing layer from some of the SW30 
membranes was twofold. First, by removing the backing layer, DMCHAH-HCO3 
could better act on the membrane support layer, which might simultaneously 
increase any degradation kinetics and also better-simulate the open structure of 
thin-film composite membranes. Additionally, if any mechanical degradation 
occurred due to differential swelling between the membrane and the PET layer, this 
effect might be mitigated and resolved by allowing the membrane to freely swell in 
the absence of the PET layer. Subsequently, no substantial difference in unmodified 
and PET-removed membranes were observed. 
The water permeance of the HTI TFC membrane was observed to sharply 
increase from ca. 2.5 L•m-2•hr•-1•bar-1 to as high as 6 L•m-2•hr•-1•bar-1, with overall 
much more variability than the Dow membranes. In part, this can be attributed to 
the nature of the HTI TFC membrane: it is not especially designed for operation 
under pressure, despite references to corporate literature describing operation under 
PRO conditions with a draw pressure of 150 psi. Additionally, a thick viscous slime 
was observed to slough off of the HTI TFC membranes after 7 days of exposure. 
HTI’s patent literature references the addition of polyvinylpyrrolidone (PVP) to 
polysulfone casting solution to create a more hydrophilic blended polymer [8]. 
Although it was not directly tested, amines are known to act as solvents for PVP[9], 
so it is additionally possible that the increase in water permeability is due to damage 
caused to the porous support layer by leaching out a component of the polymer 
matrix, reducing adhesion between the porous support layer and the active layer. 
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Figure 2-5: Subjective observation of manufacturing inconsistency amongst the HTI TFC membrane. 
Sample a and sample b were taken from the same roll of membrane as-received, but membrane a is 
completely opaque while membrane b is partially translucent. Membranes were imaged while wet with 
DI water. 
Qualitatively, the Dow membranes were observed to be uniform, with only 
slight oxidation occurring (as evidenced by an obvious yellowing of the active 
layer) towards the edge of the membrane roll as-received. The HTI TFC membrane, 
on the other hand, was observed to stain the DI water it was immersed in dark 
brown; this brown color then washes away after RO testing. One of the monomers 
used to produce RO-quality polyamide selective layers is 1,3-diaminobenzene 
(otherwise known as m-phenylenediamine, or “MPD”), which oxidizes and turns 
brown. In hand-cast membranes, the membrane support is saturated with MPD 
while the surface is brought into contact with an organic, water-immiscible, 
solution of trimesoyl chloride (“TMC”). It is possible the HTI TFC membrane is 
not sufficiently treated to remove all MPD residue before drying and shipping. 
Alternatively, the brown color may be a humectant designed to protect the 
membrane selective layer from cracking during the drying process. However, the 
Dow membranes are also subject to such a treatment (it is recommended that the 
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initial product of a new Dow RO membrane module is discarded because it will 
contain this humectant) and do not appear to discharge any color into water. Higher 
ratios of MPD to TMC during interfacial polymerization processes have been 
shown to reduce the cross-link density of the resulting polyamide and increase both 
water and solute permeability[10], and it is possible the HTI TFC is tailored via this 
mechanism for higher water permeance, leading to its darker color. Finally, the HTI 
TFC membrane was observed to be much more variable in appearance than any of 
the Dow membranes, as evidenced in a photograph shown in Figure 2-5, in which 
two samples from the same roll of membrane exhibit differing degrees of 
translucency. 
. Sodium chloride permeability and rejection 
The solute permeability and rejection were measured for sodium chloride at 
approximately 2000 ppm feed (as 2 g/liter) (Figure 2-6). Unlike the water 
permeance, exposing the membranes to DMCHAH-HCO3 had essentially no effect 
on any of the Dow membranes, with the exception of the 90-day measurement for 
the BW30, whose variability was greater than any other Dow membrane tested. On 
the other hand, the sodium chloride permeability dramatically increased from ca. 2 
mmol•m-2•hr-1 to 8 mmol•m-2•hr-1 for the HTI TFC, indicating serious degradation 
to the membrane. Relatedly, the solute rejection (Figure 2-7) was observed to 
dramatically decrease for the HTI TFC membrane from ca. 95% to 85%, while the 
Dow membranes were observed to, on average, maintain selectivity. 
The reason for the increase in variability of the BW30 membranes exposed for 
90 days is not certain.  It is possible that membranes with lower crosslink density 
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absorb DMCHA at a slow, but noticeable, rate, and which might permanently 
associate with the free carboxylic acid groups present in the polyamide selective 
layer. The BW30 membrane is targeted towards lower salinity feed waters and is 
certified for 99.5% rejection of sodium chloride at 2000 ppm (~98% rejection was 
measured for neat membranes in this study). The lower crosslink density of the 
BW30 membrane versus the SW30HR membrane is evidenced by their boron 
rejection; the BW30 membrane (in module) is capable of ~65% rejection of neutral 
boric acid at pH 8 while the SW30HR membrane (in module) is capable of ~90% 
rejection [11]. Since boric acid is neutral at this pH, its transport is determined 
purely by the diffusivity of the solute in the polyamide matrix, and not due to 
interaction with membrane charge groups. Similarly, the HTI TFC membrane has 
been observed to have boric acid rejection as low as 45%[12], indicating that its 
selective layer is likely equivalent to those found on polyamide nanofiltration 
membranes (as opposed to poly(piperazine) nanofiltration membranes). 
Since the membranes are rinsed with 100 ml of DI water before testing (Section 
2.1.6), it is unlikely that any loosely associated DMCHA or DMCHAH-HCO3 is 
retained in the membrane active layer or support layer. On the other hand, it is 
unlikely that any DMCHA sorbed into the support polymer matrix is removed by 
this method. Any swelling of the support layer that occurs during exposure is 
unlikely to be reversed in the duration of a typical RO test. Since material (a viscous 
slime) was observed to be leached from the HTI TFC membrane before RO testing, 
it is obvious that some membrane modification methods are not compatible with 
DMCHAH-HCO3 and similar aliphatic amine-based draw solutions. The stability 
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of the Dow membranes implies that the performance loss of the HTI TFC 
membrane was due to the removal of this material. 
 
 
Figure 2-6: Sodium chloride permeability as determined at 2000 ppm feed and 20 ˚C. Permeabilities are 
adjusted for external concentration polarization. 
 
Figure 2-7: Intrinsic rejection of sodium chloride at 2000 ppm feed and 20 ˚C. 
It is also known that membrane manufacturers add coatings, such as cross-
linked polyvinylalcohol (PVA), to the surface of membranes to improve chemical 
and fouling resistance, including the SW30HR and BW30 membranes [13]. It is 
also possible that these coatings protect the surface of the membrane from excessive 
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degradation in the presence of DMCHAH-HCO3. Similar membrane with no PVA 
coating, such as the Dow SW30XLE or Dow NF90, were not tested in this study. 
It is unknown if the HTI TFC membrane also includes a PVA layer, or some similar 
coating, however data from Ren and McCutcheon[14] indicate that the selective 
layer on the HTI TFC is extremely hydrophilic, with an air-water contact angle of 
14.3˚, as compared to values[13] for PVA-coated commercial aromatic polyamide 
membrane selective layers (~25˚) and non-coated commercial aromatic polyamide 
selective layers (~45˚). This implies that HTI TFC membrane may include a 
hydrophilic coating layer. 
Since the Dow membranes utilized are known to include a PVA coating layer, 
it would appear that this layer is unaffected by exposure to DMCHAH-HCO3 
solution, and similarly that the degradation of the HTI TFC membrane was caused 
by the leaching of material from the support polymer matrix, which can disrupt the 
contact between the interfacially-polymerized polyamide layer and the support 
layer. 
2.3. Conclusions 
The effect of exposure of commercial forward and reverse osmosis membranes 
to a concentrated (10 molal) N,N-dimethylcyclohexylammonium hydrogen 
carbonate solution was assessed. The Dow series of reverse osmosis membranes 
(SW30HR, SW30HR with PET backing removed, BW30) were observed to be 
highly tolerant to the DMCHAH-HCO3 exposure, with little variability in sodium 
chloride permeability and some variability in pure water permeability. The HTI 
TFC FO membrane was observed to discharge material after exposure to the 
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DMCHAH-HCO3 solution and exhibited a substantial increase in both sodium 
chloride permeability and water permeance which manifests itself as a decrease in 
sodium chloride rejection from ca. 95% to less than 85%. 
These results imply that while membranes tolerant to DMCHAH-HCO3 and 
similar SPS materials can be fabricated, the current design features of FO 
membranes, which attempt to maximize support layer hydrophilicity, may be at 
odds with the requirements of membrane operation with SPS materials. The results 
imply that a “raw” membrane consisting purely of polysulfone and an interfacially 
polymerized polyamide may provide a suitable platform on which to base an SPS 
FO membrane. The polymer support layer is, presumably, swelled by DMCHA 
after long-term exposure, and the rinsing method used to prepare the membranes 
for testing is unlikely to remove this layer. This implies that the adhesion between 
the support layer and the selective layer is not damaged in the Dow membranes.  
2.4. References 
[1] A.D. Wilson, C.J. Orme, Concentration dependent speciation and mass transport properties 
of switchable polarity solvents, RSC Adv. 5 (2015) 7740–7751. doi:10.1039/C4RA08558B. 
[2] M.L. Stone, C. Rae, F.F. Stewart, A.D. Wilson, Switchable polarity solvents as draw solutes 
for forward osmosis, Desalination. 312 (2013) 124–129. doi:10.1016/j.desal.2012.07.034. 
[3] S.B. McCray, J. Glater, Effects of hydrolysis on cellulose acetate reverse-osmosis transport 
coefficients, in: Reverse Osmosis Ultrafiltr., American Chemical Society, 1985: pp. 141–
151. 
[4] J. da Silva Burgal, L.G. Peeva, S. Kumbharkar, A. Livingston, Organic solvent resistant 
poly(ether-ether-ketone) nanofiltration membranes, J. Membr. Sci. 479 (2015) 105–116. 
doi:10.1016/j.memsci.2014.12.035. 
[5] P. Gorgojo, M.F. Jimenez-Solomon, A.G. Livingston, Polyamide thin film composite 
membranes on cross-linked polyimide supports: Improvement of RO performance via 
activating solvent, Desalination. 344 (2014) 181–188. doi:10.1016/j.desal.2014.02.009. 
[6] S. Simone, A. Figoli, S. Santoro, F. Galiano, S.M. Alfadul, O.A. Al-Harbi, et al., 
Preparation and characterization of ECTFE solvent resistant membranes and their 
application in pervaporation of toluene/water mixtures, Sep. Purif. Technol. 90 (2012) 147–
161. doi:10.1016/j.seppur.2012.02.022. 
[7] S. Karan, Z. Jiang, A.G. Livingston, Sub–10 nm polyamide nanofilms with ultrafast solvent 
transport for molecular separation, Science. 348 (2015) 1347–1351. 
doi:10.1126/science.aaa5058. 
 45 
[8] I.V. Farr, U.J. Bharwada, T. Gullinkala, Method to improve forward osmosis membrane 
performance, Google Patents, 2012. http://www.google.com/patents/US20130026091 
(accessed July 17, 2015). 
[9] M.L. Hallensleben, Polyvinyl Compounds, Others, in: Ullmanns Encycl. Ind. Chem., Wiley-
VCHVerlag GmbH & Co. KGaA, 2012: pp. 605–622. 
[10] J. Wei, X. Liu, C. Qiu, R. Wang, C.Y. Tang, Influence of monomer concentrations on the 
performance of polyamide-based thin film composite forward osmosis membranes, J. 
Membr. Sci. 381 (2011) 110–117. doi:10.1016/j.memsci.2011.07.034. 
[11] M. Busch, W.E. Mickols, S. Jons, J. Redondo, J. De Witte, Boron removal in sea water 
desalination, Int. Desalination Water Reuse Q. 13 (2004) 25. 
[12] R. Valladares Linares, Z.Y. Li, S. Sarp, Y.G. Park, G. Amy, J.S. Vrouwenvelder, Higher 
boron rejection with a new TFC forward osmosis membrane, Desalination Water Treat. 
940220 (2014) 1–7. doi:10.1080/19443994.2014.940220. 
[13] C.Y. Tang, Y.-N. Kwon, J.O. Leckie, Effect of membrane chemistry and coating layer on 
physiochemical properties of thin film composite polyamide RO and NF membranesII. 
Membrane physiochemical properties and their dependence on polyamide and coating 
layers, Desalination. 242 (2009) 168–182. doi:10.1016/j.desal.2008.04.004. 
[14] J. Ren, J.R. McCutcheon, A new commercial thin film composite membrane for forward 
osmosis, Desalination. 343 (2014) 187–193. doi:10.1016/j.desal.2013.11.026. 
 46 
 Forward, Pressure-Retarded Osmosis, and 
Desalination Characterization of the N,N-
dimethylcyclohexylammonium Hydrogen 
Carbonate Draw Solution 
Published as part of “Characterization and membrane stability study for the switchable polarity 
solvent N,N-dimethylcyclohexylamine as a draw solute in forward osmosis”, Reimund, K. K., 
Coscia, B. J., Arena, J. T., Wilson, A. D., McCutcheon, J. R., J. Membr. Sci. 2016. 501. 93-99. 
 
 
In this chapter, the performance of DMCHAH-HCO3 draw solution in forward 
osmosis and forward osmosis desalination is quantified. As previously noted, 
concentrated DMCHAH-HCO3 solution is viscous, and as discussed previously 
(Sections 1.4.3 and 1.4.4), viscosity and density are detrimental to overall 
performance in FO and lead to large external and internal concentration polarization 
moduli. This dramatically reduces the flux that is achieved in an FO process, but 
does not necessarily reduce the dewatering potential of the draw solute. Because of 
the asymmetric structure of the membrane, different amounts of mass transfer 
resistance are observed  when the membrane selective layer is oriented towards the 
draw solution or towards the feed solution. Measuring the water flux into the draw 
solution and the reverse permeation of DMCHA into the feed solution yields not 
only information about the relative concentration polarization moduli, but also the 
relative ratio of the membrane transport coefficients 𝐴 and 𝐵 (Section 1.4.2). 
Ultimately, despite concerns about the effects of weak electrolyte permeation in 
FO, the specific reverse solute flux was found to be comparable to that measured 
for sodium chloride. 
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Long-term exposure studies indicate that the HTI TFC membrane is not 
compatible with the DMCHAH-HCO3 draw solution or, likely, other SPS solutes 
(Section 2.2.2). However, the HTI TFC membrane was, at the time of this study, 
the only FO TFC membrane widely-available for research. Thus, it was chosen as 
a model membrane for studying the osmotic flux and desalination performance that 
can be achieved using the DMCHAH-HCO3 draw solution under short exposure 
times. Previous work with cellulose acetate membranes demonstrated high water 
flux, but chemical degradation during the course of the experiment [1]. Since the 
degradation mechanism for the HTI TFC membrane appears to be the leaching of 
material from the membrane support layer, it is unlikely that this degradation will 
affect the performance of the membrane during short (<6 hour) exposures. 
Finally, FO desalination of simulated seawater (0.6 M NaCl) was simulated 
with DMCHAH-HCO3 draw solution in an FO test cell. Since DMCHAH-HCO3 is 
a weak electrolyte, it can theoretically speciate into DMCHA and carbonic acid at 
the surface of the membrane. Additionally, the polyamide active layer contains a 
small amount of carboxylic acid end groups that can facilitate cation exchange 
across the membrane [2]. This phenomenon has been observed for NH4-HCO3-
based FO desalination, and results in much lower than expected sodium rejection 
[3]. It is known that comparatively large (ca. 100 Da) neutral molecules can diffuse 
through polyamide selective layers [4,5]. With a mass of 127 Da, DMCHA is on 
the upper end of molecules which can substantially diffuse through polyamide 
selective layers. Ultimately, high rejections of both sodium and chloride are 
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observed, indicating that DMCHA does not appear to ion exchange across the 
membrane selective layer. 
3.1. Materials and Methods 
. Preparation 
As in the previous section, a commercial thin-film composite membrane for 
forward osmosis (HTI TFC) was provided by Hydration Technologies Innovations 
(“HTI”, Corvallis, OR). Membranes were received dry and immersed in 
refrigerated DI water until use. The chemicals and switching procedure were used 
as specified in the preceding section, however unlike the previous section, 
membranes were not exposed to DMCHAH-HCO3 solution until the FO or PRO 
test had begun, i.e. the membranes were “conditioned” in deionized (DI) water 
only. 
. Forward osmosis test system 
A custom forward osmosis testing unit, based on common FO system designs, 
was constructed for this study out of materials known to be resistant to degradation 
by SPS materials. Materials utilized in the construction of this system for contact 
with the draw solution include 316 stainless steel fittings and tubing, chrome-plated 
brass fittings, polytetrafluoroethylene (PTFE) and perfluoroalkoxy alkane (PFA) 
polymer fittings and tubing, polypropylene tanks, and a polyoxymethylene (POM) 
forward osmosis test cell. O-rings for the test cell were EPDM rubber and needed 
to be replaced after each test; o-rings were observed to crack after drying from SPS 
exposure. 
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A forward osmosis test system is similar to a reverse osmosis test system. In 
RO test cells, feed flows in a single cross-flow channel under pressure and the 
membrane is often supported by a sintered metal backing plate. In FO test cells 
(Figure 3-1), feed and draw flow in cross-flow channels on either side of the 
membrane under no or very little (typically <10 psi) pressure; the membrane is 
often unsupported, as it was for this test, but can be supported by mesh spacers as 
well. 
Flow of draw solution is always in the upper channel of the membrane cell. The 
membrane performance in “forward osmosis mode” and “pressure-retarded 
osmosis mode” can be characterized by changing the orientation of the membrane, 
i.e. by placing the active layer facing the lower channel (FO mode) or the upper 
channel (PRO mode). 
 
Figure 3-1: Forward osmosis test system 
. Forward Osmosis Test Procedure 
Osmotic performance was measured using 4 liters of DI water feed and 1.7 kg 
of 10 molal DMCHAH-HCO3 draw solution. Feed and draw tanks were loaded with 
their respective solutions and the feed solution was allowed to circulate through the 
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system to remove air trapped in the system, establish a baseline weight for 
gravimetric analysis, and allow the feed to equilibrate with any amine which may 
be present in the feed tank via desorption. After appropriate conditioning time to 
achieve a stable mass reading, the draw solution was circulated, and the resulting 
osmotic flux was observed as the reduction in mass in the feed tank. Periodically, 
DI water was added to the draw tank to reduce the concentration of the draw 
solution, with accounting for water that had already permeated into the draw tank. 
Testing occurred in both the “FO” and “PRO” modes, as previously described. 
The water flux is recorded as the slope of the change in mass of the feed solution 
versus time; the concentration of the draw solution is assumed to be quasi-steady 
state over any relevant test interval, which was evidenced by the fact that the mass 
of water removed from the feed solution was linear in time for durations up to 
several hours. Deviation from linearity could also indicate membrane damage. The 
solute flux was determined by taking samples of the feed solution after the 
equilibration step and before each change in draw concentration and analyzing it 
via the method described in Section . Analysis of DMCHA and NaCl Fluxes3.1.5. 
Because the viscosity of the amine solution is high (~15 cP), the pump speed 
was set only at the start of the test to the maximum speed that could be achieved 
with 5 psi of pressure measured on the draw side. As the concentration of the draw 
solution was reduced, the viscosity was also reduced, and the draw pressure 
decreased. The needle valve controlling the draw pressure was closed to maintain 
5 psi of pressure on the draw side, reducing the flow rate of the draw solution 
somewhat. Because of this, while the flow rate of the feed solution remained 
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constant, the flow rate of the draw solution decreased as the draw solution 
concentration decreased. In contrast, other studies often utilize a constant flow rate 
on both the feed and draw side. The specific hydrodynamic conditions utilized in 
the study are listed in Table 3-1. 
Table 3-1. Relevant external hydrodynamic conditions for the feed and draw solutions of DMCHAH-HCO3 
applied to FO testing. The data are interpolated from polynomials fitted from published experimental data 
[8]. 
*Because the data for SPS was not available at very low concentrations, values for the feed concentration 
of 0 mol/kg DMCHAH-HCO3 are extrapolations and are unlikely to be reliable. 
  Feed Draw 
Concentration [mol/kg] 0 10 7.5 5 2.5 
Flow Rate (avg) [liter/min] 1 0.81 0.77 0.67 0.58 
Linear Velocity [cm/s] 21.1 17.1 16.3 14.1 12.2 
Viscosity [Pa•s • 103] 1.05 9.47 6.08 3.62 1.99 
Density [kg/liter] 992 1064 1055 1042 1022 
Diffusivity 
(of DMCHAH-
HCO3) 
[µm2/s • 109] 2369* 110 161 243 426 
Reynolds 
Number 
[a.u.] 1084 105 154 222 345 
Schmidt Number [a.u.] 448* 80667 35881 14297 4568 
External Mass 
Transfer 
Coefficient 
[liter•m-2•hr-1] 91.0* 22.0 23.1 24.4 28.5 
 
. Forward Osmosis Desalination Test Procedure 
The desalination potential of the DMCHAH-HCO3 draw solution was assessed 
in a similar manner to the FO characterization. The procedure for filling and 
stabilizing the system was identical to that described in the preceding section, 
however only 3 liters of DI water were used for the feed solution. The feed solution 
was circulated through the system until the mass reading on the feed side was 
constant. A “verification” test was conducted with the DI water feed solution, to 
verify that the membrane had similar performance characteristics to those measured 
in the FO characterization study. After this data had been collected, the feed 
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solution was “spiked” with a specific amount of 5 molar sodium chloride solution 
to raise the concentration of the feed solution to 0.5 molal, accounting for water 
which had already been removed from the feed tank. Similar to the FO 
characterization tests, samples of the feed solution were collected before the start 
of the test (i.e. after equilibration), after the “verification” test, and after the 
desalination test. To analyze the flux of sodium chloride into the draw solution, 25 
ml samples of draw solution were collected after the verification test and after the 
end of the desalination test. 
. Analysis of DMCHA and NaCl Fluxes 
Samples of feed solution requiring quantification of the amount of DMCHA 
present were well-sealed prior to shipment for analysis. The analysis was conducted 
off-site, in a method, from Reimund et al.[6]: 
“DMCHA concentration in the feed solution was quantified using gas 
chromatography (GC). GC analyses were carried-out using a HP (Agilent) 5890 
GC equipped with a flame Ionization detector (FID). The GC column used in this 
work is a Restek®-Rtx-5, 30 m length, 0.25 mm ID, and 0.25 mm film thickness.  
Injections were made using an auto sampler with a 1 µl injection volume and a 
split ratio 10:1, the injection temperature was set to 250 ºC. The oven program 
used: initial temperature set to 100 ºC with a hold for 1 min than ramped to 200 
ºC at 15 ºC /min with a final ramp to 300 at 50 C /min. UHP helium was used as 
the carrier gas at a linear velocity of 30 cm/sec. The FID detector was held at 
constant 275 ºC.” 
 
Samples of draw solution requiring quantification of the amount of sodium 
chloride present were analyzed using a “boil-off” method previously used for the 
removal of solutes which are volatile [7]. The samples of draw solution are heated 
glass vials immersed in an oil bath; first, carbon dioxide is evolved as the 
DMCHAH-HCO3 complex decomposes into insoluble DMCHA and CO2. Water 
(on the bottom of the vial) boils through the DMCHA layer and eventually, the 
DMCHA layer is evolved mostly as vapor, and partially decomposes into a brown 
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residue. The residue (i.e. all material remaining in the vial) is then suspended in DI 
water via sonication; the brown residue is insoluble and does not suspend. 
Analysis of the presence of sodium ion in the resulting suspension was 
conducted using flame atomic absorption spectroscopy. Briefly, the analysis for 
sodium ion was conducted using direct aspiration atomic absorption spectroscopy 
according to US EPA method 700B[8] on a Thermo Scientific ICE 3000 atomic 
absorption spectrometer (Thermo Scientific, Nashua, New Hampshire) equipped 
with a combination potassium/sodium hollow cathode lamp. Analysis of chloride 
was accomplished via a modified Mohr titration in which potassium chromate is 
added to the sample. The yellow solution is then titrated with silver nitrate until a 
reddish-brown endpoint is achieved. This method was previously used to analyze 
chloride flux for forward osmosis desalination studies [3].  
3.2. Results 
. Forward and Pressure-Retarded Osmosis Characterization 
Similar to the results from the preceding chapter, the HTI TFC membranes were 
observed to function osmotically, i.e. they reject solute while allowing the passage 
of water, both necessary conditions for osmosis. The overwhelming feature of the 
data from the FO and PRO mode experiments, shown in Figure 3-2, is the 
insensitivity of water flux to draw solution concentration, particularly in the FO 
mode. This stands in stark contrast to typical FO experiments with inorganic salt 
draw solutions which typically feature a more obvious logarithmic-shape with 
osmotic flux at high driving forces self-limited by the performance-reducing effects 
of concentration polarization [9,10]. Additionally, although data predict that the 
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osmotic pressure of 10 molal DMCHAH-HCO3 at 20 ˚C will be on the order of 239 
atm[11] to 419 atm[1], the observed flux is comparatively low; on a similar TFC 
membrane, Ren et al. achieve flux on the order of 15-20 liter•m-2•hr-1•bar-1 in FO 
mode and ~30 liter•m-2•hr-1•bar-1 in PRO mode using a 1 M sodium chloride draw 
solution (~46.6 bar osmotic pressure) [12]. 
 
Data for flux in the PRO mode are, additionally, significantly less than those 
observed by Stone et al. with a 7.6 molal DMCHAH-HCO3 draw solution for a 
cellulose triacetate (CTA) membrane also manufactured by HTI (ca. 33 liter•m-2•hr-
1•bar-1 in PRO mode1) [1]. Orme and Wilson[13] observe flux on the order of 11 
liter•m-2•hr-1•bar-1 using a 5 molal DMCHAH-HCO3 draw solution with a thin-film 
composite membrane manufactured by Porifera Inc. (Porifera FOMEM-0513). In 
 
1 Private correspondence with the authors of [1] has indicated that the orientation of the membrane 
is erroneously stated as FO mode in the manuscript. 
 
Figure 3-2: Water flux observed from a DI water feed solution into a DMCHAH-HCO3 draw solution at 
the given concentration. 
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the case of the SPS testing with the HTI CTA membrane[1], the authors admit that 
the membrane is degraded by the draw solution during the test; at a minimum, the 
membrane is subject to a loss of selectivity due to hydrolysis at the basic pH of the 
draw solution. On the other hand, Orme and Wilson report superior performance 
(~57% better) of the Porifera membrane in FO mode compared to the HTI TFC, 
despite operating at significantly lower linear velocity across the membrane surface 
(6 cm/s versus 14.1 cm/s in this study at 5 molal DMCHAH-HCO3), indicating that 
the external mass transfer resistance in the FO mode is not strongly influenced by 
flow rate, and consequently Reynolds number, in the flow regime studied2. 
As discussed in the preceding chapter, the HTI TFC membrane is likely to be 
manufactured with materials that are soluble in the draw solution; it is possible that 
either this material swells, decreasing the porosity of the HTI TFC membrane 
during the test, or that the HTI TFC membrane offers inherently more resistance to 
transport than the Porifera membrane (i.e. its structural parameter, reference 
Section 1.4.4, is larger). From Equation (1-18), it can also be seen that flux of solute 
across the membrane active layer reduces performance. 
 
2 In the Orme study, the flow cell utilized has a larger flow cross section area than utilized in this 
study, as well as a lower overall flow rate, thus the upper Reynolds number calculated in this study, 
c. 1100, can be taken as a maximum bound for the experiments discussed. 
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Figure 3-3: Solute (DMCHA as a neutral specie) flux observed from a draw solution at the given 
concentration into very dilute feed solution water feed solution. 
The flux of DMCHA (analyzed as a neutral specie) was observed via gas 
chromatography analysis of the feed solution after each change in draw solution 
concentration. The data shown in Figure 3-3 represents a large amount of large 
variability in reverse solute flux. The data is shown here in the molal scale because 
the osmotic pressure driving force is more linear with the molality of a solution 
rather than its molarity, particularly at relatively high concentration [14]. However, 
many other studies are conducted in the molar scale, and it is useful to compare the 
performance of the DMCHA-HCO3 draw solution to other draw solutes in this 
scale. Figure 3-4 displays the results of a series of 12 forward osmosis experiments 
that were conducted as an addendum to this study with the HTI TFC membrane and 
a sodium chloride draw solution according to a standard test methodology [15] at a 
series of draw solution concentrations and are plotted with the DMCHA data 
collected here as well as data collected by Boo et al. for the trimethylamine 
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hydrogen carbonate (TMA-HCO3) draw solution [16], a solute chosen for its 
favorable Henry’s law coefficient in water [17]. 
 
Figure 3-4: Comparison of water and solute flux generated by draw solutions of DMCHA-HCO3, sodium 
chloride, and trimethylamine hydrogen carbonate [16] (TMA-HCO3) in FO and PRO mode with the HTI 
TFC membrane. Sodium chloride data represents the average and standard deviation of 12 membrane 
samples. 
Figure 3-4 demonstrates that high variability in reverse solute flux is a feature 
of the HTI TFC membrane, not simply a feature of exposure to DMCHA-HCO3. 
With consideration of the large amount of variability, the DMCHA-HCO3 draw 
solution exhibits less reverse solute flux than sodium chloride on a molar basis. It 
is difficult to make a direct comparison between the results for TMA-HCO3 and 
DMCHA-HCO3 due to the gap in concentrations tested, however a stated advantage 
of TMA over an ammonia-based draw solution is that a polyamide membrane is 
less permeable to the larger TMA molecule (59.11 Da) versus ammonia (17.03 Da). 
All else being equal, one would expect a membrane to be even less permeable to 
DMCHA, an even larger molecule (127.23 Da). However, substantially higher flux 
is developed with TMA-HCO3 at 1 mol/liter than was observed for DMCHA-HCO3 
at ~1.7 mol/liter. A key metric for evaluating the performance of a draw solution is 
the specific reverse solute flux [18] which represents the ratio of solute to solvent 
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flux or the amount of draw solution material lost to the feed solution for a unit 
volume of permeate into the draw solution. On this basis, then, it appears that the 
TMA-HCO3 draw solution is more efficient at generating water flux (Figure 3-5), 
but the reverse solute flux observed in this study is similar for DMCHA-HCO3 
solutions and sodium chloride solutions. 
 
Figure 3-5: Comparison of specific reverse solute flux characteristic of draw solutions of DMCHA-
HCO3, sodium chloride, and trimethylamine hydrogen carbonate [16] (TMA-HCO3) in FO and PRO 
mode with the HTI TFC membrane. Sodium chloride data with circles represents the average and 
standard deviation of 12 membrane samples. Sodium chloride data with squares is taken from [16]. 
However, in Figure 3-5, the reverse solute flux observed by Boo et al. is much 
higher (i.e. more water is transported into the draw per mole of solute lost to the 
feed) for both TMA-HCO3 and for the testing of sodium chloride in that study as 
well. Boo et al. observe the performance of a sodium chloride draw solution at 1 
molar to be much higher than was observed in this study. This implies that the 
performance of TMA-HCO3 observed by Boo et al. and the performance of 
DMCHA-HCO3 observed in this study may not be directly comparable, with a 
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possible explanation being the evolution of commercial membrane between the 
time the studies were conducted (the membranes used in this study were received 
approximately in 2013), or differences in the test apparatuses utilized. 
. Desalination Characterization with DMCHAH-HCO3 Draw Solution 
Forward osmosis desalination tests demonstrate the potential for DMCHAH-
HCO3 to dewater a model feed stream. The equation governing water flux, Equation 
(1-18), does not allow water flux against an osmotic pressure gradient in the 
absence of an applied pressure, but the self-limiting phenomena of concentration 
polarization, which occurs both on the feed and draw solute sides of the membrane 
in this case, and solute flux, can reduce water flux to negligible amounts. Previous 
studies have demonstrated that solute-solute interactions can have a significant 
impact on FO desalination performance, with, for example, cations capable of 
exchanging across the membrane active layer [3,19,20]. 
The results of a series of desalination tests with a 10 molal draw solution of 
DMCHAH-HCO3 against a feed solution of pure water or 0.5 molal sodium 
chloride are summarized in Table 3-2. water flux generated by a 10 molal solution 
of DMCHAH-HCO3 draw solution against a 0.5 molal feed solution of sodium 
chloride was 7.2 liter•m-2•hr-1, which is almost unchanged, and is indeed within the 
error bar, of the flux observed against a feed of DI water. Most notably, the TFC 
membranes were observed to reject sodium and chloride ions to a high degree 
(99.5% and 98.0%, respectively). This value is substantially higher than the value 
reported for reverse osmosis desalination (95.1% ± 1.36%). The flux of sodium 
ions was lower than the flux of chloride ions, which is the opposite of what is 
 60 
observed in the ion exchange phenomenon. Together with the fact that amine flux 
is similar to its value in against a pure water feed, this indicates that an ion exchange 
mechanism is not driving the governing the flux of sodium and chloride across the 
membrane active layer. The higher flux of chloride relative to sodium 
(approximately 4.4 ± 3.97 times higher) is too uncertain to ascribe to a mechanism, 
but if future tests reproduce the phenomenon with greater accuracy, a potential 
explanation may be the formation of a DMCHAH-Cl complex freeing a bicarbonate 
anion to speciate back to carbon dioxide. 
Table 3-2: Summary of forward osmosis desalination performance. 
Feed Water Flux Amine Flux Ion Flux Ion Rejection 
[m NaCl] [liter•m-2•hr-1] [mmol•m-2•hr-1] [mmol•m-2•hr-1] [%] 
0 8.33 ± 1.19 301 ± 311 N/A N/A 
0.5 7.20 ± 0.57 117 ± 38 
Na+: 16.3 ± 7.8 
Cl-: 72.5 ± 54.6 
Na+: 99.5 ± 0.2 
Cl-: 98.0 ± 1.3 
 
The results of this study demonstrate the forward osmosis desalination is 
possible, at least against a solution with similar osmotic pressure to seawater. The 
paradoxically higher rejection of sodium chloride in FO desalination rather than 
RO desalination can potentially be attributed to flow through defects in the selective 
layer of the membrane, i.e. the solution-diffusion-imperfection model. In such a 
case, one may consider the average permeability of defects (pore) in the membrane 
surface [21] and rewrite Equation (1-1) as 
𝐽𝑤 = 𝐴(𝛥𝑃 − 𝛥𝜋) + 𝐿𝑝Δ𝑃 (3-1) 
and Equation (1-2) as 
𝐽𝑠 = 𝐵Δ𝑐𝑠 + 𝐿𝑝Δ𝑃𝑐𝑠,𝑓𝑒𝑒𝑑 (3-2) 
 61 
where 𝐿𝑝 is the hydraulic permeance of defects in the membrane surface, in liter•m
-
2•hr-1•bar-1. With an applied pressure, both water flux and solute flux increase, and 
since the defects are non-selective, rejection decreases. In forward osmosis, such 
defects would not rapidly transport water or solutes; instead, while solutes would 
be free to diffuse across the defects, the transition from the comparatively low 
viscosity of the feed solution to the high viscosity of the draw solution likely 
impedes any direct mixing. Consequently, a higher solute rejection would be 
observed in a forward osmosis test than a reverse osmosis test. 
3.3. Conclusions 
The forward osmosis performance and preliminary desalination potential of the 
DMCHAH-HCO3 draw solution was evaluated using the HTI TFC membrane. The 
water flux generated by concentrated DMCHAH-HCO3 solutions was much lower 
compared to similar draw solutes, and not very susceptible to changes in draw 
solution concentration, indicating that the performance of the particular 
concentrations tested are mass-transfer limited. The molar reverse solute flux of 
DMCHAH-HCO3 was comparable to sodium chloride reverse solute flux for the 
same membrane, although the mass reverse solute flux will be greater. Water flux 
data for the HTI TFC membrane with sodium chloride was comparable to those 
reported in another study[16], but the solute flux data was not, potentially indicating 
a substantial difference in membrane properties between the two sets of membranes 
utilized. 
Forward osmosis desalination characterization of the DMCHAH-HCO3 draw 
solution indicated that the presence of a feed solute did not substantially impact 
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water flux or DMCHA flux. This result implies that the mass transfer limitation of 
the draw solution is dominant over the feed solution. The flux of sodium and 
chloride ions into the draw solution were not found to be identical as is required of 
reverse osmosis, but their magnitude is the opposite of what one might predict for 
the cation exchange process which appears to hinder NH4-HCO3 desalination 
performance. A higher rejection of sodium chloride (c. 98-99%) was observed 
during the forward osmosis desalination test than the reverse osmosis desalination 
test described in Section 2.2.2 (c. 95%). This result can potentially be described via 
the solution-diffusion-imperfection model which has previously been applied to 
osmotic membrane processes; the result of such a model would be a lower predicted 
solute rejection in reverse osmosis compared to forward osmosis. Additional 
studies would be necessary to resolve this effect, however. 
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 Thermodynamics of Pressure-Retarded Osmosis 
Published as “Thermodynamic analysis of energy density in pressure retarded osmosis : The 
impact of solution volumes and costs”, Reimund, K. K., McCutcheon, J. R. , Wilson, A. D., J. 
Membr. Sci. 2015. 487. 240-248. 
 
The mixing of high and low salinity water releases energy. By applying a 
resisting pressure, pressure-retarded osmosis (PRO) can extract mechanical work 
from this mixing. A model is developed to describe the theoretical energy and 
power density of solutions and draw solutes applied to PRO which does not rely on 
membrane (i.e. transport) properties. Via equilibrium analysis, the volumetric 
mixing fraction of solutions, with respect to the operating pressure, is used to define 
the volumetric energy density and power density of solutions. This model utilizes 
the ideal gas analogy with osmotic pressure, and in this sense, the expansion of 
solution volume may be viewed as analogous to the expansion of an ideal gas. 
Because the high and low salinity solutions can be mixed in arbitrary ratios, it is 
also possible to discuss the ideal mixing ratio, and thus operating pressure, for cases 
in which the two solutions have relatively different value. For example, when fresh 
water is scarce, but saline water plentiful, the energy density of the fresh water may 
be optimized, at the expense of the energy density of the saline water, by operating 
at high pressure. In this case, the optimum thermodynamic mixing ratio (roughly 
1:1) is not achieved, but the specific energy density of the fresh water is maximized 
by ensuring that it permeates into a high pressure saline solution. Conversely, when 
fresh water is plentiful and saline water scarce, the energy density of the saline 
water is maximized, at the expense of the energy density of the fresh water, by 
allowing it to dilute with large volumes of fresh water. Ultimately, the theoretical 
limitations of different styles of PRO, such as “osmotic batteries”, seawater-river 
 65 
water PRO, and staged PRO processes, are discussed. It is determined that PRO 
processes which yield ~1 kWh/m3 are possible by operating at high pressures, albeit 
pressures which are comparable to that used in reverse osmosis desalination. 
The energy released upon mixing of a high and low salinity feed source can be 
partially harnessed to do mechanical work and generate electricity [1]. In free 
osmosis, analogous to free expansion of a gas, water moves from a low salinity 
solution to a high salinity solution, increasing its volume. To generate power, free 
osmosis can be retarded by an applied pressure or resistance, and so the expanding 
solution does 𝑃𝑉 work. This pressure-retarded osmosis (PRO) has been proposed 
as a renewable energy source, as the salinity gradient between rivers and oceans is 
constantly regenerated via the water cycle [2]. Similarly, highly saline brines may 
be viewed as osmotic pressure reservoirs capable of doing work. A value, or cost, 
may be assigned to these fluids, consisting of pumping costs, pretreatment costs, 
discharge costs, and availability. The energy cost may then be minimized by 
optimizing the mixing ratio of the two solutions to maximize the energy density of 
the more “expensive” solution. In this, optimizing towards the more “expensive” 
solution reduces the total energy cost, while decreasing the total energy density. 
4.1. Theory 
. Derivation of Osmotic Pressure 
The osmotic pressure is often defined using a thought experiment in which a 
hydrostatic pressure resists the flow of pure water across a perfect semi-permeable 
membrane (Figure 4-1).  
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Figure 4-1: Derivation of osmotic pressure from a U-tube osmometer. 
In this scenario the pressure drop, 𝜋, resisting osmotic flux across the membrane 
(the osmotic pressure) is 
𝜋 = 𝜌𝑠𝑔ℎ (4-1) 
Here, 𝜌𝑠 is the density of the saline solution, 𝑔 is the gravitational acceleration, and 
ℎ is the height difference of the column of solution relative to the fresh water. 
Taking the pressure of the fresh water solution to be a reference pressure, 𝑃𝑟𝑒𝑓, the 
condition of equilibrium for an ideal solution requires[3] 
𝜇∗(𝑇, 𝑃𝑟𝑒𝑓) = 𝜇
∗ (𝑇, (𝜋 + 𝑃𝑟𝑒𝑓)) + 𝑅𝑇 𝑙𝑛 𝑥𝑠 (4-2) 
where 𝑥𝑠 is the mole fraction of solvent, 𝑅 and 𝑇 are the gas constant and 
temperature, and 𝜇∗(𝑇, 𝑃) is the pure solvent chemical potential at temperature 𝑇 
and pressure 𝑃. The derivative of chemical potential with respect to pressure is the 
molar volume, 𝜈, which is approximately independent of pressure. 
(
𝜕𝜇
𝜕𝑃
)
𝑇
= 𝜈(𝑇, 𝑃) ≈ 𝜈 (4-3) 
Integrating from 𝑃𝑟𝑒𝑓 to 𝜋 yields 
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𝜇∗(𝑇, 𝑃𝑟𝑒𝑓) − 𝜇
∗ (𝑇, (𝜋 + 𝑃𝑟𝑒𝑓)) ≈ 𝜈(𝑃𝑟𝑒𝑓 − 𝜋 − 𝑃𝑟𝑒𝑓) = 𝑅𝑇 𝑙𝑛 𝑥𝑠 (4-4) 
So 
𝜋 = −
𝑅𝑇
𝜈
𝑙𝑛 𝑥𝑠 (4-5) 
From this equation, one may substitute 𝑥𝑠 = (1 − 𝑥), where 𝑥 is the mole fraction 
of solute3. Assuming that the solute is relatively dilute and taking the first term of 
the Taylor expansion, ln(𝑥𝑠) ≈ −𝑥, we obtain 
𝜋 = 𝑅𝑇
𝑥
𝜈𝑠
= 𝑅𝑇𝜌
𝑠
𝑥
𝑀𝑠
 (4-6) 
Where 𝜌𝑠 and 𝑀𝑠 are the solvent density and molar mass, respectively. For dilute 
solutions, 𝑥 =≈
𝑛𝑠𝑜𝑙𝑢𝑡𝑒
𝑛𝑠𝑜𝑙𝑣𝑒𝑛𝑡
, and so 
𝑥
𝑀𝑠
≈ 𝑏, the solution molality. Thus 
𝜋 = 𝑏𝑅𝑇𝜌𝑠 (4-7) 
which is known as the Morse equation. Generally, the Morse equation is applicable 
over a wider range of concentrations than the commonly used van’t Hoff relation 
(which more clearly makes an analogy between dilute solutions and ideal gases), 
but is a less accurate representation of the osmotic pressure than the Lewis equation 
[4]. Finally, for strong electrolytes with complete dissociation, a multiplier 𝑖 is 
included to account for the number of dissociating species. 
𝜋 = 𝑖𝑏𝑅𝑇𝜌𝑠 (4-8) 
 
3 Throughout this chapter, when a subscript 𝑠 is used to denote solvent. When symbols which apply 
to both solute and solvent are considered together in an equation, both are directly referenced. The 
subscript 𝑠𝑜𝑙 is occasionally used to refer to properties of the 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛. 
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. Osmotic Pressure under Ideal Dilution 
By defining the osmotic pressure as above, the osmotic pressure can be written 
as a function of dilution. Assuming we begin with an initial volume of pure water 
𝑉𝑠, then 
𝑏 =
𝑛𝑠𝑜𝑙𝑢𝑡𝑒
𝑉𝑠𝜌𝑠
 (4-9) 
If the solution is expanded by some Δ𝑉 at the solution density 𝜌𝑠𝑜𝑙, then 
Δ𝑉𝜌𝑠𝑜𝑙 = (Δ𝑉𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑤𝑠𝑜𝑙𝑣𝑒𝑛𝑡 + Δ𝑉𝑠𝑜𝑙𝑢𝑡𝑒𝑤𝑠𝑜𝑙𝑢𝑡𝑒)𝜌𝑠𝑜𝑙 ≈ Δ𝑉𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑤𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝜌𝑠𝑜𝑙, 
implicitly assuming that the mass concentration of water, 𝑤𝑠𝜌𝑠𝑜𝑙, is approximately 
equal to the solution density. And so 
Δ𝑉𝑠 =
Δ𝑉
𝑤𝑠⁄  (4-10) 
The molality of the expanded solution is 
𝑏 =
𝑛𝑠𝑜𝑙𝑢𝑡𝑒
(𝑉𝑠 + Δ𝑉𝑠)𝜌𝑠
=
𝑛𝑠𝑜𝑙𝑢𝑡𝑒
(𝑉𝑠 +
Δ𝑉
𝑤𝑠⁄ )𝜌𝑠
 (4-11) 
And so 
𝜋1
𝜋2
=
𝑛𝑠𝑜𝑙𝑢𝑡𝑒
𝑉𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝑛𝑠𝑜𝑙𝑢𝑡𝑒
(𝑉𝑠𝑜𝑙𝑣𝑒𝑛𝑡 +
Δ𝑉
𝑤𝑠𝑜𝑙𝑣𝑒𝑛𝑡⁄ )𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡
=
𝑉𝑠 + Δ𝑉𝑠 𝑤𝑠⁄
𝑉𝑠
 (4-12) 
Where 𝑤𝑠 is the weight fraction of water in the dilute solution. Thus, the osmotic 
pressure change upon isothermal dilution is a function of the amount of water 
permeated and the mass fraction of water in the concentrated solution. 
If we take the final osmotic pressure 𝜋2 to be in equilibrium with some resisting 
pressure, 𝑃𝑒𝑞, the equilibrium pressure can be defined as 
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𝑃𝑒𝑞 =
𝜋1
(
𝑉1 + Δ𝑉𝑒𝑞 𝑤1⁄
𝑉1
)
 
(4-13) 
. Reversible Work from Ideal Dilution 
If a solution with initial osmotic pressure 𝜋1 is reversible expanded with pure 
water until 𝜋2 = 𝑃𝑒𝑞 is obtained, then the reversible work done is 
𝑊 = ∫
𝜋1
(
𝑉1 + Δ𝑉 𝑤1⁄
𝑉1
)
𝑑(Δ𝑉)
Δ𝑉𝑒𝑞
0
= 𝑉1𝜋1𝑤1 ln (1 +
Δ𝑉𝑒𝑞
𝑉1𝑤1
)  (4-14) 
when 𝑤1 is approximately constant. In the context of PRO, this process may be 
represented by a semipermeable membrane separated by a moveable piston, with 
the applied pressure to the piston being reduced infinitesimally to allow 
infinitesimal amounts of water to permeate the membrane (Figure 4-2a). This 
expression for the reversible work done by osmotic expansion is, like osmotic 
pressure itself, independent of solute type. In the case of concentrated solutions, a 
reference 𝜋1 and 𝑤1 may be used, and this expression for reversible work will still 
be valid if 
𝑑𝑤𝑠
𝑑𝑥𝑠
≈ 0, 
𝑑𝛾𝑠
𝑑𝑥𝑠
≈ 0, and 𝑤𝑠𝑜𝑙𝑢𝑡𝑒𝜌𝑠𝑜𝑙 ≈ 0. These conditions may occur 
under conditions where the operating pressure is close to the osmotic pressure, and 
conditions under which this is favorable will be discussed further. 
As an example, consider a solution of sodium chloride (𝑖 = 2) with initial 
concentration 𝑏1 = 0.5. At 298𝐾, 𝜋1 ≈ 25 𝑏𝑎𝑟. On a basis of 1 𝑚
3 the term 
𝑉1𝜋1 = 0.694 𝑘𝑊ℎ. If 𝑃𝑒𝑞 = 60 bar (in excess of the osmotic pressure) and 𝑤1 ≈
1, then Δ𝑉𝑒𝑞 = −0.58 𝑚
3 and the reversible work done is −0.602 𝑘𝑊ℎ. This, 
consequently, is an estimate of the reversible work of desalination (𝜋1 < 𝑃𝑒𝑞) and 
PRO (𝜋1 > 𝑃𝑒𝑞). 
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Figure 4-2: Multiple configurations for pressure-retarded osmosis application. a) a variable pressure 
“piston-style” PRO process, b) a typical open-loop counter-current flow PRO process, c) a series PRO 
process, d) a parallel PRO process. The subscripts 𝑯 and 𝑳 refer to the high (concentrated) and low (dilute) 
osmotic pressures, while the subscripts 𝑰 and 𝑶 refer to the inlet and outlet to the PRO process. 𝑷𝒐𝒑 refers 
to the operating transmembrane pressure. 
A consequence of this model is that a pure solvent, in the absence of a resisting 
pressure, will infinitely dilute a solution with an osmotic pressure. This can 
similarly be seen in Equation (4-4), where applying no resisting pressure will cause 
the log term to diverge. 
. Counter-flow PRO Mass Exchanger 
Real PRO processes cannot operate at variable pressure as in a piston, and 
instead expand a volume of saline water against a fixed operating pressure, 𝑃𝑜𝑝 
(Figure 4-2b). A PRO mass exchange process may be implemented in either co-
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current or counter-current flow. The limiting case for co-current flow is that the 
inlet and outlet osmotic pressures have averaged according to their feed ratios. 
Conversely, the limiting case for counter-current flow, in the limit of an infinite 
contact area, is that the input low osmotic pressure solution has the same osmotic 
pressure as the discharged diluted high osmotic solution. In the nomenclature of 
Figure 4-2, the limit of co-current flow is 
𝜋𝐻𝑂 ≥
𝜋𝐻𝐼𝑉𝐻𝐼 + 𝜋𝐿𝐼𝑉𝐿𝐼
𝑉𝐻𝐼 + 𝑉𝐿𝐼
≥ 𝜋𝐿𝑂 (4-15) 
where the subscript 𝐻 and 𝐿 refer to the high and low osmotic pressure feeds 
(alternately, concentrated and dilute, or draw and feed, solutions), while 𝐼 and 𝑂 
refer to the inlet and outlet, respectively. 
The corresponding limit of counter-current flow is 
𝜋𝐻𝑂 ≥ 𝜋𝐿𝐼 ;  𝜋𝐻𝐼 ≥ 𝜋𝐿𝑂 (4-16) 
It is clear that the counter-current operation results in a larger Δ𝑉, and so we restrict 
discussion of energy density calculations to the counter-current flow model, as this 
will be the most desirable operating mode when attempting to implement real PRO 
processes. 
As the case in which the feed solution is not a pure solvent, but rather a dilute 
solution itself, has not yet been discussed, we return to Equation (4-13), with the 
new restriction that 𝑃𝑒𝑞 is replaced by 𝑃𝑜𝑝 + 𝜋𝐿𝐼, and additionally adding subscripts 
corresponding to the mass exchanger model 
𝑃𝑜𝑝 + 𝜋𝐿𝐼 =
𝜋𝐻𝐼
(
𝑉𝐻𝐼 + Δ𝑉𝑒𝑞 𝑤𝐻𝐼⁄
𝑉𝐻𝐼
)
 
(4-17) 
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This analysis thus assumes that the mass exchanger achieves full mixing, i.e. 
infinite contact time and/or area, such that 𝜋𝐻𝐼 = 𝜋𝐿𝑂 + 𝑃𝑜𝑝 and similarly 𝜋𝐿𝐼 =
𝜋𝐻𝑂 − 𝑃𝑜𝑝. The reversible work is now 
𝑊 = ∫ (
𝜋𝐻𝐼
(
𝑉𝐻𝐼 + Δ𝑉 𝑤𝐻𝐼⁄
𝑉𝐻𝐼
)
− 𝜋𝐿𝐼)𝑑(Δ𝑉)
Δ𝑉𝑒𝑞
0
= 𝑉𝐻𝐼 (𝜋𝐻𝐼𝑤𝐻𝐼 ln (1 +
Δ𝑉𝑒𝑞
𝑉𝐻𝐼𝑤𝐻𝐼
) + 𝜋𝐿𝐼)  
(4-18) 
The outlet concentrations can be defined from (4-17) as 
𝜋𝐻𝑂 = 𝑃𝑜𝑝 + 𝜋𝐿𝐼 =
𝜋𝐻𝐼
(
𝑉𝐻𝐼 + Δ𝑉𝑒𝑞 𝑤𝐻𝐼⁄
𝑉𝐻𝐼
)
 
(4-19) 
and 
𝜋𝐿𝑂 = 𝜋𝐻𝐼 − 𝑃𝑜𝑝 =
𝜋𝐿𝐼
(
𝑉𝐿𝐼 + Δ𝑉𝑒𝑞 𝑤𝐿𝐼⁄
𝑉𝐿𝐼
)
 
(4-20) 
Rearranging and solving for 
𝑉𝐻𝐼
Δ𝑉𝑒𝑞
 and 
𝑉𝐿𝐼
Δ𝑉𝑒𝑞
 yields 
𝑉𝐻𝐼
Δ𝑉𝑒𝑞
=
𝑃𝑜𝑝 + 𝜋𝐿𝐼
𝑤𝐻𝐼(Δ𝜋 − 𝑃𝑜𝑝)
 (4-21) 
And 
𝑉𝐿𝐼
Δ𝑉𝑒𝑞
=
𝜋𝐻𝐼 − 𝑃𝑜𝑝
𝑤𝐿𝐼(Δ𝜋 − 𝑃𝑜𝑝)
 (4-22) 
In the equilibrium model, the parameters are 𝜋𝐻𝐼 and 𝜋𝐿𝐼, while the dependent 
variable in 𝑃𝑜𝑝. The total ratio of feed volume to permeated volume is given by 
𝑉𝐻𝐼 + 𝑉𝐿𝐼
Δ𝑉𝑒𝑞
=
𝑉𝑇
Δ𝑉𝑒𝑞
=
𝜋𝐻𝐼𝑤𝐻𝐼 + 𝜋𝐿𝐼𝑤𝐿𝐼 + 𝑃𝑜𝑝(𝑤𝐿𝐼 − 𝑤𝐻𝐼)
𝑤𝐿𝐼𝑤𝐻𝐼(Δ𝜋 − 𝑃𝑜𝑝)
 (4-23) 
In the dilute limit, 𝑤𝐿𝐼 ≈ 1, Δ𝜋 ≈ 𝜋𝐻𝐼 and 𝜋𝐿𝐼 ≈ 0, so 
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𝑉𝑇
Δ𝑉𝑒𝑞
≈
𝜋𝐻𝐼𝑤𝐻𝐼 + 𝑃𝑜𝑝(1 − 𝑤𝐻𝐼)
𝑤𝐻𝐼(𝜋𝐻𝐼 − 𝑃𝑜𝑝)
= 1 +
𝑃𝑜𝑝
𝑤𝐻𝐼(𝜋𝐻𝐼 − 𝑃𝑜𝑝)
 (4-24) 
Finally, since the work done by a PRO process at constant pressure is Δ𝑉𝑃𝑜𝑝, note 
that 
1
𝑢𝐻
=
𝑉𝐻𝐼
𝑃𝑜𝑝Δ𝑉𝑒𝑞
=
𝑃𝑜𝑝 + 𝜋𝐿𝐼
𝑃𝑜𝑝𝑤𝐻𝐼(Δ𝜋 − 𝑃𝑜𝑝)
 (4-25) 
1
𝑢𝐿
=
𝑉𝐿𝐼
𝑃𝑜𝑝Δ𝑉𝑒𝑞
=
𝜋𝐻𝐼 − 𝑃𝑜𝑝
𝑃𝑜𝑝𝑤𝐿𝐼(Δ𝜋 − 𝑃𝑜𝑝)
 (4-26) 
1
𝑢𝑇
=
𝑉𝑇
𝑃𝑜𝑝Δ𝑉𝑒𝑞
≈
𝜋𝐻𝐼𝑤𝐻𝐼 + 𝑃𝑜𝑝(1 − 𝑤𝐻𝐼)
𝑃𝑜𝑝𝑤𝐻𝐼(𝜋𝐻𝐼 − 𝑃𝑜𝑝)
=
1
𝑃𝑜𝑝
+
1
𝑤𝐻𝐼(𝜋𝐻𝐼 − 𝑃𝑜𝑝)
 (4-27) 
yield the inverse specific energy densities, 𝑢, of the concentrated solution, the dilute 
solution, and the total input solution to the PRO process. 
4.2. Results 
. Specific Energy of Draw and Feed Solutions 
As has been discussed elsewhere[2,5], by operating at a fixed pressure, some 
energy of the PRO process is lost to free expansion. The introduction of an 
operating pressure discards energy above the operating pressure and allows for 
incomplete mixing of the feed solutions. Together, this allows the calculation of 
specific energy density, 𝑢𝑚𝑎𝑥. 
With Equation (4-25), the energy density of 𝑉𝐻𝐼 is maximized when the ratio 
Δ𝑉𝑒𝑞 𝑉𝐻𝐼⁄  is large. This condition corresponds to the case where a large amount of 
water is permeated, resulting in large dilution of the draw solution. By 
differentiation, the maximum energy density, 𝑢𝑚𝑎𝑥
𝐻  can be found when 
𝑃𝑜𝑝 = √𝜋𝐿𝐼(1 + 𝜋𝐻𝐼) − 𝜋𝐿𝐼 (4-28) 
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For relatively dilute feed, with 𝜋𝐻𝐼 ≫ 1, 𝑃𝑜𝑝 ≈ √𝜋𝐿𝐼𝜋𝐻𝐼. Thus 
𝑢𝑚𝑎𝑥
𝐻 =
𝑃𝑜𝑝Δ𝑉𝑒𝑞
𝑉𝐻𝐼
≈
√𝜋𝐿𝐼𝜋𝐻𝐼𝑤𝐻𝐼(Δ𝜋 − √𝜋𝐿𝐼𝜋𝐻𝐼)
√𝜋𝐿𝐼𝜋𝐻𝐼 + 𝜋𝐿𝐼
=
𝑤𝐻𝐼(Δ𝜋 − √𝜋𝐿𝐼𝜋𝐻𝐼)
1 + √
𝜋𝐿𝐼
𝜋𝐻𝐼⁄
 
(4-29) 
This result provides the operating condition which maximizes the energy density 
of the concentrated solution. As 𝜋𝐿𝐼 → 0, 
𝑃𝑜𝑝 → 0 ; 𝑢𝑚𝑎𝑥
𝐻 ≈ 𝑤𝐻𝐼𝜋𝐻𝐼 (4-30) 
Bearing in mind the simplifying assumptions made in deriving the above 
expressions, Equation (4-30) implies that osmolyte with lower molecular masses 
have higher theoretical energy densities, although the effect of 𝑤𝐻𝐼 is relatively 
small. Then given 
𝑢𝑚𝑎𝑥
𝐻 =
𝑃𝑜𝑝Δ𝑉𝑒𝑞
𝑉𝐻𝐼
≈ 𝑤𝐻𝐼𝜋𝐻𝐼 = 𝑖𝑏𝑅𝑇𝑤𝐻𝐼𝜌𝑠 = 𝑖
𝑛𝑠𝑜𝑙𝑢𝑡𝑒
𝑉𝐻𝐼,𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝑤𝐻𝐼𝑅𝑇 (4-31) 
where 𝑉𝐻𝐼,𝑠𝑜𝑙𝑣𝑒𝑛𝑡 is the volume of water (not the total volume, 𝑉𝐻𝐼) in the 
concentrated solution. However, in the dilute limit, 𝑉𝐻𝐼,𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ≈ 𝑉𝐻𝐼, so 
on a basis of 1 kWh/m3, 
1 = 𝑖𝑛𝑅𝑇𝑤𝐻𝐼 (4-32) 
So, at 298 𝐾, 𝑢𝑚𝑎𝑥
𝐻 = 𝑖𝑛𝑤𝐻𝐼 ⋅ 0.688 𝑘𝑊ℎ 𝑘𝑚𝑜𝑙⁄ . 
Repeating the above analyses for the dilute solution, for the dilute solution, the 
energy density 𝑢𝑚𝑎𝑥
𝐿  is achieved when small volumes of the dilute solution are 
permeated into a highly pressurized draw solution. By differentiation of Equation 
(4-26), it can be found that the energy density of the dilute solution is maximized 
when 
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𝑃𝑜𝑝 = 𝜋𝐻𝐼 −√𝜋𝐻𝐼𝜋𝐿𝐼 (4-33) 
Similarly, with 𝑤𝐿𝐼 ≈ 1 
𝑢𝑚𝑎𝑥
𝐿 =
𝑃𝑜𝑝Δ𝑉𝑒𝑞
𝑉𝐿𝐼
=
(𝜋𝐻𝐼 − √𝜋𝐻𝐼𝜋𝐿𝐼)𝑤𝐿𝐼(Δ𝜋 − (𝜋𝐻𝐼 − √𝜋𝐻𝐼𝜋𝐿𝐼))
𝜋𝐻𝐼 − (𝜋𝐻𝐼 − √𝜋𝐻𝐼𝜋𝐿𝐼)
= (𝜋𝐻𝐼 + 𝜋𝐿𝐼) − 2√𝜋𝐻𝐼𝜋𝐿𝐼 ≈ 𝜋𝐻𝐼 − 2√𝜋𝐻𝐼𝜋𝐿𝐼 
(4-34) 
In the limit as 𝜋𝐿𝐼 → 0, 
𝑃𝑜𝑝 → 𝜋𝐻𝐼  ;  𝑢𝑚𝑎𝑥
𝐻 ≈ 𝜋𝐻𝐼 (4-35) 
Finally, the total specific energy density may be defined with respect to the total 
system volume, 𝑉𝑇. From Equation (4-27), 
𝑃𝑜𝑝 =
𝜋𝐻𝐼
1 + 1
√𝑤𝐻𝐼
⁄
 
(4-36) 
In the van’t Hoff framework, the maximum power density (i.e. W/m2 of membrane 
area) is found at 𝜋𝐻𝐼 2⁄ . For a solute which can exist as a pure solvent, 𝑤𝐻𝐼 → 0 as 
𝑥𝑠𝑜𝑙𝑢𝑡𝑒 → 1, and 𝜋𝐻𝐼 → ∞ (in the Morse and Lewis expressions for osmotic 
pressure). Thus 𝑃𝑜𝑝 → ∞ as 𝜋𝐻𝐼 → ∞. In the van’t Hoff framework, 𝜋𝐻𝐼 ∝ 𝑐𝑠𝑜𝑙𝑢𝑡𝑒, 
and as 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 → 1, 𝑐𝑠𝑜𝑙𝑢𝑡𝑒 → 1 𝜈𝑠𝑜𝑙𝑢𝑡𝑒,𝑝𝑢𝑟𝑒⁄ , which is a finite value, and 𝑃𝑜𝑝 →
1 (2𝜈𝑠𝑜𝑙𝑢𝑡𝑒)⁄ . Therefore, at higher osmotic pressures, the 𝑃𝑜𝑝 predicted from the 
van’t Hoff model will be lower than the 𝑃𝑜𝑝 predicted from Equation (4-27). 
. Percent Energy Recovery 
The percent of energy of the dilute or concentrated solution utilized may be 
defined as 𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 =
𝑢
𝑢𝑚𝑎𝑥
. For the concentrated solution,  
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𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝐻 (𝑃𝑜𝑝) =
𝑢𝐻(𝑃𝑜𝑝)
𝑢𝑚𝑎𝑥𝐻
=
(√𝜋𝐿𝐼𝜋𝐻𝐼 + 𝜋𝐿𝐼)
𝑃𝑜𝑝 + 𝜋𝐿𝐼
𝑃𝑜𝑝(Δ𝜋 − 𝑃𝑜𝑝)
√𝜋𝐿𝐼𝜋𝐻𝐼(Δ𝜋 − √𝜋𝐿𝐼𝜋𝐻𝐼)
 
(4-37) 
Which is approximately equivalent to 
𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝐻 (𝑃𝑜𝑝) ≈
𝑃𝑜𝑝𝑤𝐻𝐼(Δ𝜋 − 𝑃𝑜𝑝)
𝑃𝑜𝑝 + 𝜋𝐿𝐼
(
1
𝑤ℎ𝑖𝜋ℎ𝑖
) =
𝑃𝑜𝑝(Δ𝜋 − 𝑃𝑜𝑝)
𝜋ℎ𝑖(𝑃𝑜𝑝 + 𝜋𝐿𝐼)
≈ 1 −
𝑃𝑜𝑝
𝜋𝐻𝐼
 
(4-38) 
For the dilute solution,  
𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝐿 (𝑃𝑜𝑝) =
𝑢𝐿(𝑃𝑜𝑝)
𝑢𝑚𝑎𝑥𝐿
=
𝑃𝑜𝑝𝑤𝐿𝐼(Δ𝜋 − 𝑃𝑜𝑝)
𝜋𝐻𝐼 − 𝑃𝑜𝑝
(𝜋𝐻𝐼 − √𝜋𝐻𝐼𝜋𝐿𝐼)𝑤𝐿𝐼(Δ𝜋 − (𝜋𝐻𝐼 − √𝜋𝐻𝐼𝜋𝐿𝐼))
𝜋𝐻𝐼 − (𝜋𝐻𝐼 − √𝜋𝐻𝐼𝜋𝐿𝐼)
 
(4-39) 
Since 𝑢𝑚𝑎𝑥
𝐿 = 𝑃𝑜𝑝
𝑉𝐿𝐼
Δ𝑉
, in the limit as 𝑃𝑜𝑝 → 𝜋𝐻𝐼, 𝑉𝐿𝐼 → Δ𝑉, so 𝑢𝑚𝑎𝑥
𝐿 ≈ 𝜋𝐻𝐼. Thus 
𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝐿 (𝑃𝑜𝑝) ≈
1
𝜋𝐻𝐼
𝑃𝑜𝑝(𝜋𝐻𝐼 − 𝑃𝑜𝑝)
𝜋𝐻𝐼 − 𝑃𝑜𝑝
=
𝑃𝑜𝑝
𝜋𝐻𝐼
 (4-40) 
Finally, 𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝑇 (𝑃𝑜𝑝) may be defined as 
𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝑇 (𝑃𝑜𝑝) =
𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝐻 (𝑃𝑜𝑝)𝑉𝐻 + 𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝐿 (𝑃𝑜𝑝)𝑉𝐿
𝑉𝐿 + 𝑉𝐻
 (4-41) 
or alternately via Equation (4-27) and the preceding methodology. With these 
definitions, the effect of varying 𝜋𝐿𝐼 and 𝑃𝑜𝑝 for a given feed can readily be seen 
(Figure 4-3). 
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Figure 4-3: Percent energy utilization for concentrated, dilute, and total solution volumes. 
As will be discussed later, if each solution volume is assigned a cost (which 
may be a function of the operating pressure as well), the preceding analysis 
provides a mechanism to optimize the total cost per kWh of energy. If the ratio of 
dilute solution cost to concentrated solution cost is high, then this will, in the 
absence of any other economic considerations, favor operating at high pressures, 
such that 𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝐿  is greater than 𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝐻 . In principle, the cost function may 
be expanded to incorporate mass transfer non-idealities which will arise in real PRO 
processes. For example, it may be found that, unlike Figure 4-3, the energy 
utilization (and thus total system volume) is not approximately symmetric around 
the optimum 𝑃𝑜𝑝, due to differing mass transfer phenomena on either side of the 
membrane. In this case, the cost function can incorporate the “cost” of mass transfer 
resistance which can shift the optimum operating pressure away from 
𝜋𝐻𝐼 (1 +
1
𝑤𝐻𝐼⁄ )⁄  [6]. 
 78 
. Volume and Energy Optimization 
As we have found the optimum operating conditions for the equilibrium 
counter-current PRO process, we may now determine the volumetric impact of 
operating at non-optimum conditions. Returning to Equation (4-27), the ratio of 
total system volume to work is defined as a function of 𝑃𝑜𝑝. If a PRO process is 
operated at a constant 𝜋𝐻𝐼 and 𝜋𝐿𝐼, then deviating from the optimum 𝑃𝑜𝑝 will result 
in larger amounts of solution consumed per kWh (equivalently, lower 𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝑇 ). 
Similarly, if a constant operating pressure is chosen (say by design constraints), the 
effect of changing 𝜋𝐻𝐼 can also be evaluated. Although the cost of solution may 
imply that favoring one solution optimization over the other may be favorable, it is 
impractical to envision pumping tens of cubic meters of solution through a PRO 
process per kWh of work done (and noting that this analysis assumes equilibrium, 
and is ignorant of the kinetics of such a process). 
 
Figure 4-4: Effects on total volume per kWh for operating at non-optimum conditions. A) The volume per 
kWh for operating at non-optimum pressures. The dotted lines connect the points at which one additional 
m3 per kWh is required above the optimal point. B) The volume per kWh for operating with different osmotic 
feeds. The 𝑷𝒐𝒑 and 𝝅𝑯𝑰 are chosen to yield the same optimum point on A and B. 
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Figure 4-4 demonstrates the effects of operating at non-optimum conditions with 
𝑤𝐻𝐼 approximated as 1 − 0.001331𝜋 (for NaCl). A notable feature of Figure 4-4A 
is the derivative of Equation (4-27) is inversely proportional to 𝜋𝐻𝐼, so less penalty 
is incurred operating above or below the optimum pressure at higher osmotic 
pressures. For example, operating at a 𝜋𝐻𝐼 of 171 bar and 𝑃𝑜𝑝 of 80 bar yields 
roughly 1 m3/kWh, while reducing the operating pressure to ~20 bar yields roughly 
2 m3/kWh. Thus, operating at higher osmotic pressure provides more flexibility to 
optimize 𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝐻  and 𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝐿 . Similarly, Figure 4-4B demonstrates that for a 
fixed operating pressure, utilizing higher 𝜋𝐻𝐼 produces diminishing returns. 
Remarkably, operating with a 𝑃𝑜𝑝 of 50-80 bar approximates the ideal operating 
pressure up to 𝜋𝐻𝐼 ca. 350 bar. At these osmotic pressures, the optimum 𝑃𝑜𝑝 is 
~𝜋𝐻𝐼 2⁄ , or 175 bar; current RO membranes are already known to operating at ~80 
bar for desalination. This result implies that the bulk of osmotic energy is 
extractable at (relatively) modest operating conditions. 
4.3. Discussion 
. Cost-weighted PRO Optimization 
In the above discussion, it is implicitly assumed that the cost of both the dilute 
and concentrated solutions were equivalent. This may not always be the case. For 
example, there may be pre-treatment costs associated with natural fresh and saline 
water streams, or the relative abundance of one stream may be greater than the 
other. Due to membrane module design, mass transfer coefficients are not 
equivalent on either side of the membrane[6] and may impose additional limitations 
regarding pumping costs and pressure drop. 
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Assuming the “cost”, 𝑐, associated with each stream is quantifiable, one can 
write the total cost, per kWh, as 
𝑐𝐻𝑉𝐻+𝑐𝐿𝑉𝐿
𝑃𝑜𝑝Δ𝑉𝑒𝑞
. Since it is often assumed that the dilute 
stream will be limiting (since natural fresh water sources are often protected), one 
can define 𝐶 =
𝑐𝐻𝐼
𝑐𝐿𝐼
, and 𝐶∗ =
𝑐𝐿𝐼
𝑐𝐿𝐼
= 1. Then, with 𝑤𝐿𝐼 = 1: 
𝐶𝑉𝐻𝐼 + 𝐶
∗𝑉𝐿𝐼
𝑃𝑜𝑝Δ𝑉𝑒𝑞
=
𝜋𝐻𝐼𝑤𝐻𝐼 + 𝐶𝜋𝐿𝐼 + 𝑃𝑜𝑝(𝐶 − 𝑤𝐻𝐼)
𝑤𝐻𝐼𝑃𝑜𝑝(∆𝜋 − 𝑃𝑜𝑝)
 (4-42) 
When 𝐶 ≈ 1, the solutions are of roughly equal value. When 𝐶 > 1, the 
concentrated solution is limiting, so the cost is minimized by operating at lower 𝑃𝑜𝑝 
to yield higher Δ𝑉𝑒𝑞. If 𝐶 < 1, the dilute solution is limiting, so the cost is 
minimized by operating at higher 𝑃𝑜𝑝. By applying different costs, the optimum 𝑃𝑜𝑝 
defining the maximum energy value (in cost/kWh) is shifted away from the 
maximum specific energy density (in m3/kWh). The effect of the cost ratio on the 
optimum operating pressure is shown in Figure 4-5. Note that the total cost is 
normalized to the dilute solution, so the total cost per kWh, normalized to 𝑐𝐿𝐼, goes 
to 𝐶∗ = 1 as 𝐶 → 0. 
Similar to the analysis in Figure 4-4, the effects of operating beyond the 
optimum cost-based 𝑃𝑜𝑝 can be analyzed. Differentiating, the optimum cost-
weighted 𝑃𝑜𝑝 depicted in Figure 4-5 is 
𝑃𝑜𝑝 =
±√𝜋𝐻𝐼𝜋𝐿𝐼(𝐶2 + 𝑤𝐻𝐼
2 ) + 𝐶𝑤𝐻𝐼(𝜋𝐻𝐼
2 + 𝜋𝐿𝐼
2 ) − 𝐶𝜋𝐿𝐼 − 𝜋𝐻𝐼𝑤𝐻𝐼
(𝐶 − 𝑤𝐻𝐼)
 (4-43) 
For 𝐶 > 1 and 𝜋𝐿𝐼 ≪ 1,  
𝑃𝑜𝑝 ≈
√𝜋𝐻𝐼𝜋𝐿𝐼(𝐶2 + 𝑤𝐻𝐼
2 ) + 𝐶𝑤𝐻𝐼(𝜋𝐻𝐼
2 ) − 𝜋𝐻𝐼𝑤𝐻𝐼
𝐶
 (4-44) 
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Which is approximately of order 𝜋𝐻𝐼. Similarly, for 𝐶 < 1 and 𝜋𝐿𝐼 ≪ 1 
𝑃𝑜𝑝 ≈
√𝜋𝐻𝐼𝜋𝐿𝐼(𝐶2 + 𝑤𝐻𝐼
2 ) + 𝐶𝑤𝐻𝐼(𝜋𝐻𝐼
2 ) − 𝜋𝐻𝐼𝑤𝐻𝐼
𝑤𝐻𝐼
 (4-45) 
Which is similarly approximately of order 𝜋𝐻𝐼. Thus, the sensitivity of non-
optimum operating pressure is reduced for higher osmotic pressure feeds as in the 
case for specific energy density. 
 
 
Figure 4-5: Effects of varying solution cost ratio on the optimum operating pressure. 𝝅𝑯𝑰 ≈ 𝟑𝟎 bar. The 
total cost, normalized to the cost of the dilute solution, is plotted versus normalized operating pressure. The 
optimum operating pressure, found at 𝒅𝑷𝒐𝒑 𝒅𝑪⁄ = 𝟎, is shown (dashed line). 
. Staged PRO Processes 
A staged PRO process is one in which multiple membrane processes operating 
at independent 𝑃𝑜𝑝 are used to enhance the energy recovery from a draw or feed 
solution. Conceptually, the staged PRO process approximates the piston-type 
(continuously changing 𝑃𝑜𝑝) PRO process by several staged operations which each 
have a fixed 𝑃𝑜𝑝. There are two schemes to consider: a serial configuration in which 
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𝑃𝑜𝑝 and 𝜋𝐻𝐼 are increased in each subsequent stage (Figure 4-2C) and a parallel 
configuration in which 𝑃𝑜𝑝 and 𝜋𝐻𝐼 are decreased down in each subsequent stage 
(Figure 4-2D). It is immediately apparent that the serial configuration optimizes for 
the concentrated solution by passing a given volume of water up several successive 
pressure jumps. Conversely, the parallel PRO process optimizes for the dilute 
solution by allowing a given volume of concentrated solution to be diluted several 
times. 
. Serial Staged PRO Processes 
A serial PRO process may be envisioned where the stage pressure jump is 
𝑃𝑜𝑝,2 − 𝑃𝑜𝑝,1 = Δ𝑃𝑜𝑝(1,2), such that at stage 𝑛, the membrane experiences an 
absolute pressure difference of Δ𝑃𝑜𝑝𝑛 − Δ𝑃𝑜𝑝(𝑛 − 1) =  Δ𝑃𝑜𝑝. If there are 𝑛 stages, 
and each stage undergoes the same pressure jump, then the final discharge pressure 
will be 𝑛 ⋅ Δ𝑃𝑜𝑝. The energy density of the dilute feed is then 𝑛 ⋅ 𝑢𝐿,1, where 𝑢𝐿,1 is 
the specific energy density of the first stage. The input volume from each stage 
must match the output volume from the subsequent stage, such that 𝑉𝐻𝑂,𝑛 = 𝑉𝐿𝐼,𝑛+1 
and 𝑉𝐿𝑂,𝑛+1 = 𝑉𝐻𝐼,𝑛. Thus, the serial PRO process allows high-concentration draw 
solutions to be utilized without requiring unduly high mechanical pressures. 
Table 4-1 shows the results of these calculations for a 5-stage PRO process with 
a constant Δ𝑃𝑜𝑝 of 50 bar. The energy density of dilute feed is increased 5-fold with 
5 stages. The turbine operating pressure represents the total Δ𝑃𝑜𝑝 = ∑ 𝑃𝑜𝑝,𝑛𝑛  
experienced by a volume of dilute solution permeating through the stages, yielding 
the energy density in the final column. Because the work done per stage is inversely 
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related to 𝜋𝐿𝐼, the total system volume grows at each stage. Thus, a tradeoff exists 
between staging to increase energy density and system size. 
 
Table 4-1: Performance of a serial staged PRO process (Figure 4-2C). Transmembrane 
pressure and concentrated solution osmotic pressures are chosen to ensure consistency between 
the stages with a constant ∆𝑽. 
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 [bar] [bar] [bar] [bar] [m3/m3] [kWh/m3] 
1 50  0 103.9 50 1.0 1.39 
2 50 50 153.2 100 2.1 2.78 
3 50 100 202.3 150 3.5 4.17 
4 50 150 251.0 200 5.2 5.56 
5 50 200 299.3 250 7.4 6.94 
 
. Parallel Staged PRO Processes 
The parallel staged PRO process dilutes the concentrated solution in several 
equilibrium steps with fresh dilute stream provided at each stage. In this way, the 
parallel staged PRO process is similar to a multiple expansion steam engine, in 
which a high potential feed is expanded multiple times, and thus the parallel staged 
PRO process optimizes the specific energy density of the concentrated solution. 
Unlike the serial staged PRO process, the parallel staged PRO process recovers 
energy (via turbine) at each stage. The added complexity of having multiple water 
turbines in the parallel staged PRO process is immediately obvious. 
Table 4-2 shows the result of calculations for a parallel staged PRO process in 
with 𝜋𝐻𝐼 = 171 bar. The specific energy density of the draw solute is increased 5-
fold in this process, but the 5th stage requires roughly 14 times the amount of dilute 
solution as the first stage. Consequently, at 5 stages, the system contains roughly 
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28 times as much volume as the single stage process but produces roughly 10 times 
the amount of energy. 
 
Table 4-2: Performance of a parallel staged PRO process (Figure 4-2D). 
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 [bar] [bar] [m3/m3] [m3/m3] [m3/kWh] [m3/ m3] [kWh /m3] 
1 80.0 171 1.00 1.00 1.91 1.151 0.98 
2 38.9 81.0 1.93 2.93 1.89 0.382 1.91 
3 19.2 39.9 3.76 6.69 2.53 0.164 3.06 
4 9.55 20.2 7.28 13.98 3.83 0.078 3.61 
5 4.76 10.5 13.32 27.80 5.32 0.039 5.03 
 
. The Osmotic Battery and Heat Engine 
Although most investigations in PRO reference seawater and river water as 
model concentrated and dilute solutions[2,7,8], the above analyses cast doubt on 
the economic feasibility of these feed streams. In addition to their comparatively 
low energy content, river water is often not an abundant resource, and seawater and 
river water are directly collocated. Rather, the areas where rivers and oceans meet 
are large areas, with salinity gradient spread out of many kilometers. Additionally, 
these regions are often environmentally sensitive, and not amendable to the 
building of large power plants, green or otherwise. Instead, PRO may find use as a 
store of energy or as a system for converting low-grade heat into useable work. In 
the case of the osmotic battery and osmotic heat engine, a system can be designed 
that is optimized for energy efficiency or energy density. 
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Osmotic heat engines (OHE) have been proposed for the conversion of low-
grade thermal energy into power [9–11]. The principle limitation of the OHE is the 
temperature at which the concentrated solution may be regenerated, and the quality 
of heat available. For example, an OHE may operate on geothermal heat, solar 
thermal heating, or powerplant waste heat. Since the working fluid in the OHE is 
constantly recycled, it is desirable to minimize the total solution volume. 
Consequently, an OHE should operate near the optimum 𝑃𝑜𝑝 defined in Equation 
(4-36). Incidentally, when 𝑤𝐻𝐼 = 1, this reduces to 𝜋𝐻𝐼 2⁄ , which is the operating 
pressure which produces the maximum power density (as a function of membrane 
area) that has been derived (in the van’t Hoff framework) elsewhere [12] and 
previously discussed (Section 1.4.5). The optimum 𝑃𝑜𝑝 appears to simultaneously 
optimize both solution energy density and membrane power density, at least in the 
dilute limit. 
Osmotic batteries, on the other hand, are not as restricted by operating volume. 
For example, an osmotic battery could consist of a salt reservoir, a PRO apparatus, 
and a connection to a municipal water supply, with diluted salt being discharged 
directly. In this case, maximizing 𝑢𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝐿  would be ideal. Alternately an osmotic 
battery might consist of a PRO system with large storage tanks for concentrated, 
dilute, and mixed streams, and a regeneration system. Additionally, while losses 
due to “charging” are not ideal, an osmotic battery does not necessarily require a 
particularly efficient charging process. For example, while it would be impossible 
to couple an RO regeneration process to an OHE[13], it is feasible to use RO to 
regenerate an osmotic battery. 
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Previously, 50-80 bar was identified as a practical upper limit for 𝑃𝑜𝑝. At these 
conditions, the specific energy density is in the range of 0.9-1.4 kWh/m3. This is 
approximately an order of magnitude less than electrochemical battery technology, 
but comparable to pumped hydroelectric storage. For example, the Bath County 
Pumped Storage Station has a hydraulic head of 385 m, resulting in approximately 
1.05 kWh/m3. While a PRO-based power system requires more advanced materials 
than a dam, including pressure vessels, pressure exchangers, turbines, and 
polymeric membranes, the concentrated solution which acts as an energy reservoir 
is relatively innocuous (especially in the case of simple salt solutions) and can be 
stored indefinitely with minimal loss or degradation of both the feed solutions and 
the membrane itself. 
4.4. Conclusions 
A methodology for evaluating the energy density of solutions applied to PRO 
processes has been developed which makes use of a relatively simple gas expansion 
analogy. Since a PRO process requires two process fluids, the concentrated and 
dilute streams, the optimization of either, or both, solutions is presented. Conditions 
in which the concentrated solution is limiting tend to favor higher dilution ratios, 
while conditions in which the dilute solution is limiting tend to favor low dilution 
ratios. In the case where total energy density needs to be maximized, such as the 
case of osmotic heat engines, the optimum operating pressure for a counter-current 
flow PRO system is found to be 
𝜋𝐻𝐼
1+1 𝑤𝐻𝐼⁄
, in the Morse (molal) framework for 
osmotic pressure. It is found that an energy density of approximately 1 kWh/m3 is 
feasible with reasonable operating conditions. A key finding is that the sensitivity 
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of specific energy density, as well as specific energy cost, is decreased at higher 
osmotic pressure. Thus, while natural salinity gradients such as seawater-river 
water PRO are limited by their relatively modest osmotic pressure difference, 
engineered systems such as OHE and osmotic batteries can generate higher specific 
energy density by operating with high osmotic pressure feeds, with less penalty for 
operating at conditions away from the optimum 𝑃𝑜𝑝. 
Additionally, the effect of multiple PRO staging was investigated. In both the 
serial PRO system, in which water is passed up a pressure gradient, and the parallel 
staged PRO system, in which the concentrated solution is diluted multiple times, 
the total energy density is increased. However, for both staged PRO processes, the 
system volume increases non-linearly as the number of stages increase. Thus, it is 
uncertain how practical staged PRO operation will be. Finally, the above analyses 
rely on the assumption that each PRO system or stage achieves equilibrium, such 
that 𝜋𝐻𝑂 = 𝜋𝐿𝐼 and 𝜋𝐿𝑂 = 𝜋𝐻𝐼. However, this condition implicitly assumes infinite 
contact time and infinite contact area. For real systems, 𝜋𝐻𝑂 > 𝜋𝐿𝐼 and 𝜋𝐿𝑂 < 𝜋𝐻𝐼, 
and the actual energy density will be lower. Taking the actual volume permeated in 
the process to be Δ𝑉𝑟𝑒𝑎𝑙, the ultimate energy density of the final process will be 
scaled by Δ𝑉𝑟𝑒𝑎𝑙 ∕ Δ𝑉𝑒𝑞. 
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 Conclusion 
Osmotic-based processes have become popular in recent years, but few 
commercial applications have been realized. Forward and pressure-retarded 
osmosis require optimization of membrane properties and rethinking of many of 
the assumptions and design decisions made in reverse osmosis. As a result, 
numerous studies have been conducted on osmotic processes. For example, the 
membrane design criteria are different in osmotic-based applications [1]. 
Traditional RO membrane supports are dense, open-cell structures which support 
the selective layer under high pressure [2]. In contrast, FO membranes perform best 
when the support layer is an highly porous, dendritic structure with minimal 
thickness and tortuosity [3–6]. PRO membranes require a hybrid structure, with a 
tradeoff existing between mechanical strength and diffusive mass transfer [7]. 
Similarly, research has been ongoing into membrane module packing and 
performance, with considerations such as hollow fiber membrane dimensions, or 
mass transfer resistances on the inside of membrane module leaves [8,9]. 
External to the membrane and module, osmotic processes are operated 
differently than RO processes. The draw solute is an important component of an 
osmotic system, and while many membrane studies of osmotic systems utilize 
simple salt solutions as model draw solutes, all practical implementations of 
osmotic processes must possess a feasible draw solute recovery (or disposal) 
mechanism. In this study, switchable polarity solvents (SPS) were investigated for 
their compatibility with current membrane materials, on the assumption that 
practical osmotic processes will continue to utilize the ubiquitous polyamide-
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polysulfone membrane platform. SPS materials reversibly become water soluble 
when protonated, and in general the term SPS is restricted to tertiary amine 
compounds which become water soluble when protonated with carbonic acid 
[10,11]. Unlike small molecule amines such as ammonia and trimethylamine, SPS 
materials have higher molar masses, and subsequently diffuse at a much lower rate 
into the feed solution. However, as the name suggests, SPS materials are solvents, 
and the propensity of SPS materials to swell both the polyamide and polysulfone 
layers was investigated. Notably, some common filler materials such as 
polyvinylalcohol and polyvinylpyrrolidone may be soluble in SPS and SPS salt 
solutions. However, the ability of commercial seawater membranes to resist 
degradation via extended exposure to the SPS N,N-dimethylcyclohexylamine 
(DMCHA) indicates that there is a path forward for SPS utilization with polyamide-
polysulfone membranes. 
In forward osmosis studies, DMCHA was found to be a highly mass transfer-
limited draw solute, as could be predicted from its high viscosity. However, 
DMCHA was not observed to undergo cation exchange unlike the ammonium 
bicarbonate draw solution[12], and exhibited relatively low reverse solute flux. 
While the membrane platform used for this study was not ideally suited to the role, 
the feasibility of SPS-based FO was ultimately demonstrated. 
SPS materials, ammonium bicarbonate as well as simple salt solutions have also 
been proposed for applications in osmotic power production. Similarly, there are 
many factors beyond membrane transport and module mass transfer that need to be 
considered when designing a PRO process. A model was developed based on 
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equilibrium mixing to define the limiting energy density of a generic draw solute. 
It was found that for a generic osmotic draw solute, when the osmotic pressure was 
predicted using the Morse equation, the operating pressure which maximized the 
specific energy density was a function of both the osmotic pressure and the weight 
fraction of water in the concentrated solution. For relatively dilute solutions, in 
which the van’t Hoff model of osmotic pressure is valid, this is in agreement with 
studies that have modeled the maximum power density of a PRO membrane 
occurring when the operating pressure is 𝜋 2⁄  [13]. Notably, as 𝜋 → ∞, 𝑤𝑤 → 0, 
and thus in the Morse framework, the ideal operating pressure also becomes 
infinite. Alternately, in the van’t Hoff framework, the ideal operating pressure 
approaches the value 𝜋𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 2⁄ . Investigation of multi-stage PRO processes 
reveal that while staged operation increases the specific energy density of a PRO 
process relative to either the concentrated or dilute feed, the total system volume 
increases faster than the rate at which the energy density increases. Thus, multi-
stage PRO processes are only applicable in niche applications. The osmotic battery 
and heat engine, which operate under fewer constraints than PRO processes 
utilizing natural water streams, may be practical. In general, it is found that a 
theoretical energy density on the order of 1 kWh/m3 is achievable. However, the 
model derived here assumes equilibrium mixing, and will not be applicable in the 
case where the actual volume of permeate is substantially lower than the 
equilibrium volume of permeate. 
As osmotic processes continue to be developed, new draw solutes will continue 
to be evaluated. The SPS class of materials has continued to expand, with recently 
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reported solutes having better switching performance than DMCHA [14,15]. 
Additional responsive draw solutes such as UCST polymers and thermolytic salts 
have continued to be developed as well [16–18]. While DMCHA is used as a 
reference for the class of aliphatic tertiary amine SPS materials, the results 
presented here imply that the common polyamide-polysulfone chemistry will be 
suitable for this new class of draw solutes. Finally, with interest to applying osmotic 
agents such as new SPS materials to osmotic power generation, a theoretical upper 
limit on the energy density of osmotic agents was developed based on equilibrium 
analysis. Because the primary factor in PRO specific energy density is the osmotic 
pressure and the operating pressure, future work to develop high-energy PRO 
processes will need to focus on operation at high transmembrane pressures. 
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